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Abstract
Due to the interest in renewable feedstock, the Methanol-to-Olefin (MTO) process
was developed as an alternative for the conventional steam cracking process to pro-
duce light olefins. In this process a methanol source originating from a carbon-rich
feedstock is converted into hydrocarbons using zeolite catalysts. The hydrocarbon
pool mechanism is nowadays generally accepted where a pool of organic species acts
as co-catalyst in the reaction mechanism. In the archetypal H-SAPO-34 catalyst,
polymethylbenzenes are identified as the major HP species. For such aromatic com-
pounds the side-chain and paring mechanism was proposed. Impact of water may

eventually tune the product selectivity towards lower/ higher olefins.

In this work the effect of water is investigated on the paring mechanism by ab inito
molecular modeling techniques to obtain information on the dynamic behavior of the
process. The contraction reaction steps are studied by evaluation of the expansion
of the unit cell, the stability of the intermediates and additional water molecules
within the framework. Furthermore, metadynamics techniques are used to calculate
the free energy barrier of the reactions to asses the reactivity of some carbocationic

intermediates.

Keywords: Methanol-To-Olefin process, H-SAPO-34, paring mechanism, ab

initio molecular dynamics, metadynamics
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Abstract—Molecular modeling of chemical re-
actions is an important technique in chemical en-
gineering for mechanism elucidation and process
optimization. Hereby, ab initio molecular dynamic
modeling is a valuable tool to obtain information
on the dynamic behavior of the process and is
often used in the research towards the very com-
plex Methanol-to-Olefin (MTO) process. Together
with metadynamics techniques it gives information
about reactions and free energy barriers. Both tech-
niques have been used in this master thesis to an-
alyze the effect of water on the paring mechanism
of the MTO process. It was found that at low water
loadings, water destabilizes the intermediate. This
effect diminishes at high water loadings where wa-
ter is more clustered resulting in a decrease of the
energy level. Thus, it is suggested that the overall
effect of water is that it can help the formation of
propylene at high water loading, in order to over-
come the large energy barriers of this route.

Keywords—Methanol-to-Olefin
SAPO-34, paring mechanism, ab initio molecular

process, H-

dynamics, metadynamics

I. INTRODUCTION

In view of the depleting oil reserves, re-
searchers try to find alternatives for the pro-
duction of ethylene and propylene. For this
purpose the Methanol-to-Olefins (MTO) pro-
cess, in which a methanol source originating
from a carbon-rich feedstock can be converted
into hydrocarbons using zeolite catalysts, was
developed.[1] The complex MTO mechanism
is currently still under investigation, but the
hydrocarbon pool (HP) mechanism is nowa-
days generally accepted.[2] Herein, a pool of

organic molecules present in the zeolite acts
as a co-catalyst in the reaction mechanism.[3]
In the archetypal H-SAPO-34 catalyst, poly-
methylbenzenes are identified as the major HP
species.[4] For such aromatic HP compounds
a distinction can be made between two pro-
posed pathways: the side-chain and the par-
ing mechanism.[5] In this contribution we will
focus on propylene formation in H-SAPO-34
via the paring mechanism, which is character-
ized by subsequent ring contraction and expan-
sion reactions of the aromatic HP molecules,
as depicted in Figure 1. The first step that
was investigated is the contraction reaction of
the heptamethylbenzenium cation (heptaMB*)
to the pentamethyl-isobutyl-cyclopentadienyl
cation (5-iC;—CP*). The latter species was
found to be in equilibrium with the bicyclic
molecule pentamethyl-dimethylcyclopropyl-
cyclopentenyl cation (5-3-CP"). In a second reac-
tion the carbon-carbon bound between the ring
and isopropyl group is broken and a hydride
transfer takes place resulting in the formation of
propylene and the pentamethylcyclopentadienyl
cation (PMCP).

PMCP*
Pentamethylcyclo-
pentadienyl cation

i

HeptaMB" 5-iC,-CP"
Heptamethylbenzenium Pentamethyl-isobutyl-
cation cyclopentadienyl cation

—
- AN

/s-s-cp’
Pentamethyl-
dimethylcyclopropyl-
cyclopentenyl cation

—

"

Figure 1: Overview of the investigated reactions
within the paring cycle in H-SAPO-34.



An objective in the research towards the
MTO process is to obtain a better control of
the ethylene/propylene ratio. One of the strate-
gies that has been proposed (and industrially
applied) is the addition of water/steam to the
feed which increases the ethylene selectivity and
catalyst lifetime.[6, 7]

To elucidate the effect of water on the fea-
sibility of the paring mechanism, a detailed
mechanistic study on the paring cycle is per-
formed with state-of-the-art molecular simu-
lation techniques encompassing first principle
molecular dynamics and metadynamics. A H-
SAPO-34 unit cell is considered and in order to
evaluate the behavior of the water molecules,
different degrees of water loading are added as
schematically shown in Figure 2. The chosen
reaction steps are tested by evaluating the frame-
work flexibility and this is linked to the contrac-
tion/expansion of the intermediate molecule.
Furthermore the position of the water is evalu-
ated and linked to possible interaction with the
framework or the intermediate.

Case 0: Case 1:

rT ar T™ 7
L L L L

Case 2: Case 3:

T 15 ST, 51
HC HC ,JHC! ’HC’J
L - L"dL 1=

Figure 2: Schematic representation of the four simu-

lations that have been performed concerning one of
the intermediates of the paring cycle.

II. COMPUTATIONAL METHODS

All simulations are performed using CP2K
with a GTH basis set and pseudopotentials. Fur-
thermore, the combined GPW basis set approach
is used with the revPBE functional and Grimme
D3 dispersion corrections are added. An empty
H-SAPO-34 unit cell containing 110 atoms is
used for which periodic boundary conditions

are applied in order to get a full representa-
tion of the catalyst topology. The catalyst is
activated by the substitution of two Si substitu-
tional defects such that two Brensted acid sites
are obtained per unit cell. Ab initio molecular
dynamics (AIMD) simulations have been per-
formed with a timestep of 0.5 fs in the NPT
ensemble at 623 K and 1 atm. The system was
first equilibrated with the CSVR thermostat and
thereafter a 50 ps production run with a chain of
five Nosé-Hoover thermostats was obtained. The
pressure was controlled by a MTK barostat. For
the metadynamics simulations the same basis set
and functionals are used but these simulations
are performed in the NVT ensemble at 623 K
using a chain of five Nosé-Hoover thermostats.
A timestep of 0.5 fs was taken and Gaussian hills
of 5.0 k] /mol were added every 50 steps. The
width of the Gaussian hills was set to 0.02.

III. RESULTS AND DISCUSSION

I.  Analysis methods for the AIMD sim-
ulations

The effect of water, the behavior and stabil-
ity of the carbocationic intermediate is studied
by performing several analyses on the results of
the AIMD simulations for the three considered
intermediates of the paring mechanism. First
of all, the volume of the framework is studied
because this might act as driving force for the
contraction step to proceed. Together with the
variation of the unit cell volume, the change in
the unit cell parameters in all three directions,
indicated on Figure 3, are analyzed to elucidate
possible anisotropy in these variations. Further-
more, the mobility of the solvent molecules and
aromatic HP species within the zeotype frame-
work are studied and visualized in order to see
the preferred position of the water molecules.
Herein, clustering of the water molecules is of
course evaluated. In this master thesis clustering
was considered to be present if the distance
between two oxygen atoms of water molecules is
less than 3.5 A. For the analysis of the mobility
of the aromatic species within the framework,
two angles are defined as indicated in Figure



3. a is the angle between the plane spanned by
the ring carbon atoms of the hydrocarbons and
the vector spanned by six of the T-atoms of the
framework. B is the angle defined between the
ring carbon atoms of the hydrocarbons and the
vector spanned by four of the T-atoms of the
framework that are perpendicular to the previ-
ous framework atoms. 2D histograms are made
based on these two angles to visualize hotspots
in the orientation of the intermediate. The posi-
tion of the aromatic species is than linked to the
previous results. Lastly, the energy profile of the
calculations obtained from AIMD calculations
is investigated. However, no activation barriers
are calculated, the energy profile gives an idea
of the driving force for the reaction to proceed.

In case 1, 2 and 3, as denoted in Figure 2, an
intermediate is placed in each cage to prevent
unwanted diffusion of water molecules to a
neighboring cage. However by periodicity still
an empty cage is created. Some of the solvent
molecules diffused to this area further denoted
as the empty cage.

Figure 3: Representation of H-SAPO-34 with indi-
cated « and p angle as well as with the a, b, ¢ direc-
tions.

In the subsequent metadynamics simulations,
energy (in the form of Gaussian hills) is added
to the free energy surface in function of a limited
number of collective variables (CV) in order to
overcome the reaction barrier. Based on these
Gaussian hills the free energy surface can be re-

constructed. This allows studying the reactivity
of some intermediates occurring in the paring
cycle.

II. Behavior and stability of paring cy-
cle reaction intermediates

Analysis of the framework flexibility
showed that loading H-SAPO-34 with heptaMB*
at 623 K and 1 atm results in the elongation of
the framework in the c-direction relative to an
empty catalyst framework (see Figure 4). This
result could be related to the position of the
intermediate within the framework which was
preferentially positioned along the c-axis.

35%
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25% ’
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Figure 4: Average variation of unit cell parameters
and volume relative to an empty H-SAPO-34 unit
cell at 623 K and 1 atm of heptaMB" for a 50 ps MD
simulation.

After loading of the systems with water (case
2), the anisotropy remained with its strongest
elongation in the c-axis. At low water load-
ing, the orientation of heptaMB™" is not much
effected by the solvent molecules due to the po-
sition of the solvent in the empty cage. However
with an increased water loading (case 3) it was
found that the framework elongation became
less anisotropic and more solvent molecules are
positioned close to heptaMB" and to the frame-
work. Thus, it is concluded that at higher water
loading, molecules are more attracted to the
intermediate and the framework. Furthermore,
an increased water loading leads to an increased
water clustering. In case 2, 50 % of the water
molecules does not form a cluster, 30 % forms
dimers and 20 % trimers. These values shifts
with higher loadings since all water molecules
are clustered. In case 3, 68 % forms a dimer, 15



% trimers, 11 % tetramers and 6 % pentamers.
So a clear trend to higher cluster formation is
seen with higher water loading which should
not be surprising.

It is suggested that the position of the solvent
molecules influences the position and orienta-
tion of the intermediate thus affecting the unit
cell of the framework.

During the AIMD simulation of 5-3-CP™" all
the H-SAPO-34 unit cell parameters variations
are positive and the prominent elongation in the
c-direction is not present (see Figure 5). The unit
cell volume decreases from case 2 to case 3 and
the elongation is less anisotropic in case 3. Both
for case 2 as for case 3 more water molecules are
constrained to 5-3-CP* than for the heptaMB™*
as was seen visually. Furthermore, in case 2 the
clustering consists only of dimers (72 %). 28 %
does not form any cluster. In case 3, 66 % of
the water molecules forms dimers, 20 % trimers,
9 % tetramers and 4 % pentamers. Again, the
variety of clustering increases with increasing
water loading.
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Figure 5: Average variation of unit cell parameters
and volume relative to an empty H-SAPO-34 unit
cell at 623 K and 1 atm of 5-3-CP* for a 50 ps MD
simulation.

Besides a difference in the unit cell variations,
there is also an energy difference between both
intermediates. As shown in Figure 6, the energy
difference between heptaMB* and 5-3-CP”* in-
creases at first (when two water molecules are
added in each cage compared to case 0 where
no water molecules are present) but this dif-
ference diminishes when four water molecules
are added in each cage. The effect of water on
the energy profile is thus relatively outspoken

but at high water loadings the effect completely
cancels out again. It should be noted that a
simulation of 50 ps is rather short to do accurate
energy calculations because of the rather large
energy variations over time.

[kJ/mol]

Mean Potential
Energy Surface
Mean Total
Energy Surface
[kJ/mol]

Case 0 Case 1 Case 2 Case 3

Figure 6: Energy profile for the different cases of
5-3-CP* relative to heptaMB* at 623 K and 1 atm dur-
ing a 50 ps MD simulation.

It is concluded that in case of 5-3-CP* at
low water loading, more water molecules are
positioned close to the intermediate compared
to heptaMB"*. This results in a different behavior
of the framework flexibility and result in a desta-
bilization of the energy profile. At high water
loadings, the clustering increases, resulting in a
decrease of the energy profile.
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Figure 7: Average variation of unit cell parameters
and volume relative to an empty H-SAPO-34 unit
cell at 623 K and 1 atm of PMCP™ for a 50 ps MD
simulation.

The last evaluated intermediate is PMCP".
In Figure 7 its unit cell parameter is given. When
no water molecules are present, the elongation
is the strongest in the c-direction and all the
variations are positive. However, when water
molecules are added (in case 2), the strongest
elongation is seen in the b-direction with a con-
traction in the a-direction. This position of the
intermediate is shown in Figure 8. At low water
loading, no molecule is positioned in the so



called empty cage. Furthermore, in case 2 93 %
of the water molecules forms dimers and only 7
% remain unclustered.

Figure 8: Snapshot of the position of PMCP* (x =
25, B = 8) in case 2 in H-SAPO-34 in a 100 ps MD
simulations at 623 K and 1 atm.

When more water molecules are added in
case 4, everything is clustered with a distribution
of 52 % dimers, 24 % trimers, 17 % tetramers
and 7 % pentamers. The amount of clustering
is higher compared with the clustering for the
other two considered intermediates. Further-
more, the intermediate positions is given in
Figure 9 in which the 5-3-CP* is mobile within
both « and B.
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Figure 9: Probability density distribution of the posi-
tion of 5-3-CP* in case 3 in H-SAPO-34 in a 50 ps MD
simulations at 623 K and 1 atm in the two cages.

At last, the probability distribution of the
shortest distance between both Si-atoms and all

C-atoms is shown in Figure 10 which shows a
broader distribution for higher water loading.
Although, not shown here, this result did not
appear for heptaMB™ and 5-3-CP*.

20%
15% ﬁ
2 10% -|

—Case 1

=——Case 2

w
B

—Case 3

Shortest distance probability
distribution

0%

0 1 2 3 4 5
Distance between carbon atomof the intermediate and
framework atoms [A]

Figure 10: Shortest probability distribution of the dis-
tance between Si of the framework and a carbon atom
of PMCP* in H-SAPO-34 in a 50 ps MD simulation at
623 K and 1 atm for the three cases

It is suggested that competition between the
water molecules and the intermediate to locate
itself towards the Si-atom result at high water
loadings in a decrease of the energy level as was
seen in the results of 5-3-CP".

III. Reactivity of paring cycle reaction
intermediates

During the metadynamics simulations, only
the first reaction step (i.e. the contraction of
heptaMB™) is shown here. In order to perform
metadynamics calculations collective variables
(CV) were defined which induce the transition
from the reactant to the product state and back.
The 2D free energy surface of the contraction
reaction is given in Figure 11. The two regions
corresponding with 5-iC;—CP* (C) and 5-3-CP*
(B) are both visualized. It can be immediately
seen that heptaMB* (A) is far more stable than
the five-ring molecules. However these results
are preliminary as yet no sufficient barrier re-
crossing has been achieved of the result.
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Figure 11: 2D FES obtained from the metadynamics
simulation of the ring contraction of heptaMB* at 623

K and 1 atm in case 0. A) heptaMB* B) 5-3-CP* C)
5-iC,—CP*.

IV. CONCLUSION AND FUTURE OUTLOOK

From the analyses performed, it is concluded
that adding water molecules lead to a competi-
tion between the water molecules and the con-
sidered intermediate to interact with the active
site of the framework. This results in a lower sta-
bility of the intermediates. However, when fur-
ther increasing the water loading the amount of
clustering increases. Taking into account the in-
creased amount of clustering, it can be assumed
that due to the clustering there is less competi-
tion between the water molecules and the carbon
atoms to interact with the framework stabilizing
the system. Thus, it is suggested that the overall
effect of water on the paring cycle is that it can
help the formation of propylene at high water
loading, in order to overcome the large energy
barriers of this route.

The incomplete obtained 2D free energy profile
shows its lowest energy around -105 kJ/mol. Al-
though further analysis of the free energy profile
is needed. An alternative mechanism in which
first expansion proceeds before contraction take
place seems promising and could be interesting
for future work.[8]
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Chapter 1

Introduction

U researchers try to find alternatives for the pro-

In view of the depletion of oil reserves,
duction of ethylene and propylene,? since the demand for ethylene and propylene is still
increasing.® Alternative resources e.g. methanol, biomass and CO, have been investi-
gated and discussed for many years.* For this purpose the Methanol-to-Olefins (MTO)
process was developed as an alternative for the conventional steam cracking process to
produce light olefins. In this process a methanol source originating from a carbon-rich
feedstock - such as natural gas or coal - can be converted into hydrocarbons using ze-
olite catalysts.? Although research on alternative fuels gain more and more attention,
one can conclude that the oil reserves will still supply the earth for many years. There-
fore, the key to the commercial success of the MTO process will be its viability against
traditional resources. A high oil price will be beneficial for the MTO process and vice
versa. BP estimated in 2014 that at the current production rates the earth will be able
to produce oil for the next 53 years.® The proved oil reserves of the main five producing
countries are graphically presented in Figure Proven oil reserves are defined as those
that have a reasonable certainty of being commercially recoverable under existing eco-
nomic and political conditions, with existing technology.™ Unfortunately, the oil price
dropped enormously in 2015 due to the concurrence with shale gas (see Figure .9
In the US the cost-advantaged light feedstock (natural gas or shale gas) is mostly used
in steam cracking (often called ethane crackers) instead of the oil derivative naphta.
Ethane crackers result in the production of predominately ethylene. Propylene on the
other hand is produced as a byproduct in steam cracking with naptha as feedstock.
The change of feedstock to ethane has resulted in an increasing demand for propylene
production and the production of shale gas further disrupted the ethylene/propylene
balance. The ethylene demand is estimated to increase from 140 million tonnes in 2014
to 196 million tonnes by 2023 and the propylene demand is estimated to increase from
90 million tonnes in 2014 to 130 million tonnes by 2023.1"
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Figure 1.1: Proven oil reserves of the top five producing countries.”

Figure 1.2: Oil Price per barrel from 2005 until 2016."

1.1 History of the methanol conversion process

Research to alternative energy fuels and in specific to methanol production was spurred
by the 70’s oil crisis and the discovery of a new acidic aluminosilicate zeolite called
H-ZSM-5.11' Tt was found that the combination of its acidity and shape selectivity prop-
erties lead to the ideal catalyst for industrial use. In 1973 a Mobil research group found
the ability of H-ZSM-5 to convert methanol into hydrocarbons similar to high-octane
gasoline®?. This resulted in the Methanol-to-Gasoline (MTG) process and has been fur-
ther developed by Mobil .13
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Following, New Zealand selected the MTG process in 1979 over the Fischer-Tropsch
process (commercialized as the SASOL process'®) for the production of gasoline from
natural gas. Even though the MTG technology was not proven at the time and the
SASOL process was already commercialized, the plant went in operation in 1986 and
produced 600,000 tonne gasoline a year, which was one third of the national demand of
gasoline. Unfortunately, just after the installation the oil price dropped so steep that the
plant was shut down and only the methanol production remained, continuing operation
as such until today. In the eighties a MTG pilot set-up was build in Wesseling, Germany.

This reactor using a H-ZSM-5 catalyst could produce 16 tonne of gasoline per day.1>

Worth mentioning here is an alternative process for the MTG process, called the TIGAS
(Topsge integrated gasoline synthesis) process. The main difference being the immediate
production if a mixture of methanol and dimethylether (DME) in the TIGAS process,
without producing methanol separately. This process has a higher efficiency and over-
comes the problem of condensation and re-evaporation of methanol.'® Although the
process looked promising, research is no longer focused on the MTG process because of

a diminished importance of gasoline production.

Research focus has shifted to the production of light olefins: the MTO process. It
was developed after the discovery of H-SAPO-34 by researchers at Union Carbide (now
UOP) .M The structure of this catalyst is characterized by it small windows that increase
the selectivity towards light olefins, such as ethylene and propylene. At the end of the
eighties the oil price increased again and new pilot set-ups were built. In 1996, UOP
(in corporation with Norsk Hydro) announced that their MTO process was ready for
the construction of a 250,000 tonne olefins per year plant. Total Petrochemicals further
improved the industrial process by combining the UOP/Hydro process with an olefin
cracking unit to further increase the selectivity towards light olefins. A pilot set-up was

build in 2009 in Felluy, Belgium with a capacity of 10 tonne per day of methanol feed. 182

Researchers at Lurgi came up with a new route to increase the yield of propylene, called
the Methanol-to-Propylene (MTP) process. Herein the unwanted molecules such as
ethylene and butylene are recycled to the reactor resulting in a high selectivity towards
propylene (70 %). This process was build in China in 2010 with a production capacity
of 500 ktonne/y and 185 ktonne/y of gasoline as major by-product.“

A similar process to the MTO process is the DMTO (dimethyl ether /methanol to olefins)
process developed by researchers at Dalian Institute of Chemical Physics. The used cat-
alyst is H-SAPO-34 and it includes a recycle of C,T olefins to increase the yield towards
ethylene and propylene. This process was built in Baotou, China in 2010 with a pro-
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duction capacity of 600 ktonne/y of ethylene and propylene.2! China has interest in the
MTO process due to its large reserves of coal resulting in an annual capacity of ten

million tons of methanol per year.

Summarizing: Over the years, several pilot set-ups have been built and commercial
set-ups have been installed (mainly in China). Herewith the UOP/Norsk Hydro MTO,
Lurgi’s MTP and Dalian’s DMTO processes seem economically interesting. European
research is however not necessarily focused on the coal production in China. European
researchers try to find an alternative, economically feasible process instead of the con-
ventional crude oil process. In Figure the effect of the gas price on the methanol
production cost is given. In an industrialized location the feedstock price for natural gas
is high, resulting in a high overall cost. A methanol production plant located in a remote
area with low natural gas feedstock costs will have a lower production cost. Economy
of scale can further reduce the overall methanol production cost. Depending on the oil

price this technology can concur with the conventional crude oil process.

e 200 Shipping

c 180 20% ROC

E 160 Fixed costs ® Industrialized location:2700 t/d, $2,5 / mmBitu gas
@ 140 Consumables » Remote location: 2700 t/d, $0,75/ mmBiu gas

= 120 " Natural gas

® Mega scale, remote7500 t/d, $0,50/ mmBiu gas

Industrialized Remote  Megascale
Location Location Remote

Figure 1.3: Effect of gas price (location) and scale on methanol production costs.2?

1.2 From feedstock to methanol

The MTO process is part of a broader process by which olefins can be produced via the
formation of methanol. In a first step natural gas (or any other carbon resource such
as coal) is reformed to synthesis gas (syngas) (see equation 1.1). Methane is a major
compound of natural gas and its reforming reaction is given in equation 1.2. Further
hydrogenation of carbon monoxide results in the formation of carbon dioxide and hy-
drogen, see equation 1.3. Syngas is composed of hydrogen and carbon monoxide and
to a minor extent carbon dioxide and water. It was first used for lighting and heating
in the nineteenth century by coal gasification. Not until the beginning of the twentieth
century the opportunities towards fuels and chemical synthesis from syngas were seen.

"J;mHQJrnCO (1.1)

CnHm + nHQO —
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CHy(g) + HyO(g) = 3H2(g) + CO(g) A,H° =206.2 kJ/mol (1.2)
CO(g) + H2O(g) = COs(g) + Ha(g) A H° = —41.2 kJ/mol (1.3)

The produced syngas will be used in a next step to form crude methanol (impure

methanol).*? The reactions are shown in Equation 1.4-1.6 which are all exothermic.

CO(g) + 2Hz(g) = CH30H(g) AyH° = —90.5 k.J/mol (1.4)
COs(g) + 3Ha(g9) = CH30H (g) + HoO(g) A,H® = —49.3 kJ/mol (1.5)
CO(g) + H20(g) = COs(g) + Ha(g) AH° = —41.2 k.J/mol (1.6)

These two processes, from feedstock to syngas and from syngas to methanol can be com-
bined in one step in an industrial set-up. The set-up shown in Figure[l.4]is an example of

the two steps set-up.2> Herein, the feedstock is first desulphurized and water is removed.

Steam reforming of desulfurized gas is the general production technique for syngas, with
partial oxidation of natural gas as an alternative.” Steam reforming of natural gas is
exothermic and thus intermediate cooling is needed. The overall conversion is increased
by dissipating the heat. Two reactor types are used: the adiabatic or the isothermal
reactor. Adiabatic reactors contain multiple beds with cooling equipment in between
the layers. Isothermal reactors, on the other hand, make use of continuous cooling.
More recent technologies to form syngas are hydrogenation of carbon dioxide or biomass

gasification.22:0

A second reactor, the methanol reactor, will produce methanol from the obtained syngas.
The resulting crude methanol contains a lot of side-components that have to be removed
by distillation. In a first distillation column the most volatile components (light alcohols)
are removed, in a second distillation unit water and higher alcohol components are
removed. The first processes towards methanol took place at high temperatures (350 °C)
and high pressure (250 - 350 bar) and used ZnO/Cr,O4 catalysts. In 1966, ICI developed
a new process towards methanol over the more active catalyst, Cu/ZnO/Al,O4 using
lower temperatures (220 - 275 °C) and lower pressures (50 - 100 bar).??

The process has been further optimized such that nowadays a yield of 1 kg of MeOH
is obtained per liter of catalyst with a selectivity of more than 99.5 % for methanol,

whereby the catalyst has a lifetime of 3-5 years under normal operating conditions.
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Figure 1.4: Schematic flow diagram of the methanol production starting from natural gas via

two-step reforming.24

1.3 Olefin production processes

After methanol is produced, it reacts further towards the desired olefins in the so called
MTO process. The MTO process was developed in both a fixed bed set-up and in flu-
idized bed reactors with continuous catalyst regeneration.?? In the fluidized bed, the
vaporized methanol is mixed with the zeolite catalyst to form a suspension, which is
charged to the bottom of the riser where reaction can occur.28 In the fixed bed, tubular
reactors packed with catalyst are used. Due to fast deactivation of the catalyst, regen-
eration is frequently needed in a fixed bed set-up whereas in a fluidized bed there is
a continuously regeneration of the catalyst. The increasing coke deposits continuously
changes the product distribution.2? In Figure the UOP /Hydro fluidized MTO set-up
is shown. It consists of two main parts: the reaction section in which the methanol
is converted into olefins and the separation section where the olefin-range products are
separated from each other. The reactor operates at a pressure of 2 - 4 bar and a tem-
perature of 350 - 550 °C.18
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Figure 1.5: Schematic flow diagram of the UOP /Hydro MTO process for olefin production.™

The Lurgi’s fixed bed process is shown in Figure [[.6] The reactor consists of parallel
fixed bed reactors containing H-ZSM-5 catalyst. It operates at 460 - 480 °C and at-

mospheric pressure. Earlier MTO applications were often focused on the production of

ethylene, whereas now propylene becomes more important. Therefore, the Lurgi set-up

is interesting since it has a high selectivity towards propylene (70 %).

Methanol

1.667 Mt/a = 5000 t/d

DME
Pre-
Reactor

ptional:
Fuel Gas 2
internal use . Ethylene
or co-polymer

MTP Reactors

(2 operating + 1 regenerating)

production
—
Product
Conditioning
e
L
|V
Gasoline
185 kt/a
Product

Olefin Recycle

Fractionation

Water Recycle

h
Process Water 935 kt/a

for internal use

Figure 1.6: Schematic flow diagram of Lurgi’s MTP process.20
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The more recently developed DMTO process is schematically given in Figure Just
like the UOP /Hydro MTO process, it makes use of a fluidized bed reactor. The reactor
outlet is immediately quenched and water is removed from the effluent. It also uses

recycle streams to increase the selectivity towards light olefins 5%
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Figure 1.7: Schematic flow diagram of the DMTO process.=0




Chapter 2

The Methanol-to-Olefins process

In this chapter, more in-dept information about the MTO mechanism is provided. The
Methanol-to-Olefins process is a complex process. Even today, the mechanism is not
fully unraveled and it is still under investigation. For a more elaborated overview of the
MTO process over the years, I refer to instructive review papers of Olsbye et al. and

Hemelsoet et al. 21531532

2.1 Direct coupling

The main aim of the early research on the MTO mechanism was to discover how the
initial C-C bond was formed and led to the proposition of direct mechanisms: the oxo-
nium ylide mechanism®3, the carbene mechanism®?, the carbocationic mechanism etc.10
However, it was experimentally seen that the olefin formation only took place after a
certain amount of time on stream (a so called induction period). These first proposed
direct mechanisms never could describe this induction period. Furthermore, the theo-
retical results failed to give a realistic model because of too highly activated reaction
steps.t0%32 Ag an alternative, a mechanism based on a hydrocarbon pool species (HP)
has been proposed which is explained in more detail in the next paragraph. The HP

mechanism is nowadays the generally accepted mechanism.

2.2 The hydrocarbon pool mechanism

The first alternative mechanism was proposed by Dessau et al.2%37 According to them
the final product can only be formed after the formation of a critical amount of alkenes.
Several other mechanisms were proposed and led to the indirect mechanism of Dahl and
Kolboe.?® A pool of organic molecules present in the framework structure initiates the

reaction and thus act as a co-catalyst in the reaction mechanism. The active center of
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the zeolite/zeotype material thus consists of an inorganic Brgnsted acid site and organic
active HP species.®” These hydrocarbon pool species undergo several methylation steps
by methanol, methoxides or dimethyl ether and finally eliminate light olefins.“Y The or-

ganic species make reactions possible that would otherwise require high energy barriers.

A schematic overview of the MTO process is given in Figure 2.1. In the first phase, the
carbon rich feedstock is converted into methanol as discussed in the previous chapter.
Researchers do agree that in the second phase an equilibrium reaction takes place to
form a mixture of methanol, water and dimethyl ether. Dependent on the reaction con-
ditions two routes are established for the production of this mixture: the associative and
dissociative route. In associative routes, methanol monomers react with each other lead-
ing to the formation of methanol dimers. In dissociative routes, methanol dehydrates
to form methoxy species.*!' Secondly it was experimentally seen that a kinetic induction
period takes place before in a third step the primary olefin products can be formed. In a
fourth step the primary products are converted into a mixture of hydrocarbons leading
to a broad product distribution.#? Finally, coke species are formed and the catalyst is
deactivated due to blocking of the active sites. The precise product distribution and
underlying reaction mechanism is dependent on the process conditions and vary with
the choice of catalyst. The two most important catalysts from an industrial viewpoint
are H-SAPO-34 and H-ZSM-5 and will be further discussed in the next chapter.2

| pre-equilibrium |
H,0 H.0
) CH,OH jn S higher olefins
natural gas —— CH,OH CH,OCH, > C,-C, » paraffins
coal \ Z-CH, aromatics
biomass H.0
waste d

| methanol-to-olefins (MTO) |

| methanol-to-gasoline (MTG) |

Figure 2.1: Conversion of natural gas into methanol and subsequent olefins."2

2.2.1 Nature of the HP species: alkenes and aromatics

Initially the nature of the HP species was unclear and has been the topic of many re-
search. Two categories of organic species are identified as possible co-catalyst: alkenes
and aromatics. Once initial light olefins are formed, they can further react to larger
alkene and aromatic species, i.e. the HP species. For both types of HP species an olefin

production pathway was proposed: the alkene and aromatic cycle. Figure 2.2 gives an
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overview of the two routes for the production of olefins co-catalyzed by hydrocarbon pool
species. Two pathways were proposed based on aromatic HP species: the side-chain and
the paring mechanism. The paring mechanism was first introduced by Sullivan et al. (in
1961)4% while the side-chain mechanism was first introduced by Mole et al. (in 1983)44
and was further developed by Haw et al.4% Both mechanisms start with the methylation

of an aromatic ring until a gem-methylated molecule is formed (i.e. two methylgroups

substituted on one carbon atom of the ring structure).4#4>

n CH,0H >_\
‘ ! HZO Hzo
2CH OH alkanes V/ \Q CH,OH
2o CH,0H —
<~ S » ] [=13 alkene
+Z4 \\ alkenes cycle )I\
/(A »
ﬁ? . Q : 7~
CH (h‘
+Z"

+ZH CH OH

Figure 2.2: Representation of the dual-cycle mechanism which occurs in H-ZSM-5, i.e. both

the aromatic and alkene pathway occurs.“®

The catalyst type will result in different HP species which will affect the product distri-
bution. It was found that a low acidity of the zeolite/zeotype material and narrow pores
favor the alkene pathway with isobutene as main HP species leading to the formation
of high alkenes (C,*). On the other hand, large pores favor polymethylbenzene (PMB)
intermediates as the characteristic hydrocarbon pool species and lead to the formation
of C,—C, olefins and aromatics.** In H-SAPO-34 and H-Beta mostly methylated ben-
zenes were identified as the main HP species. In the archetypal H-SAPO-34 catalyst,
polymethylbenzenes are the major HP species. This can be explained by the large cages
of H-SAPO-34. Olefin formation will occur via the aromatic cycle.2! For H-ZSM-5 the
dual-cycle concept was proposed, i.e. both the alkene (with higher olefins as HP species)
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and aromatic cycle (with polymethylbenzenes as HP species) are active. Furthermore,
the propylene formed in the aromatic cycle can act as co-catalyst in the alkene cycle and

propylene can oligomerize to polymethylbenzene as can be seen in Figure 46’48

Research by Song et al.*? showed that both the reactivity and the selectivity of poly-
methylbenzenes towards propylene increases with the number of methyl substituents
favoring four to six methyl groups. This result was confirmed by research of Hemel-
soet et al.®2bY Xylene and trimethylbenzene lead to the formation of mostly ethylene,
whereas tetramethylbenzenes and PMB lead to the formation of mostly propylene. Haw

and coworkers defined methylnaphtalenes as alternative HP species.??

Ab initio modeling in H-SAPO-34 performed by Van Speybroeck®! et al. suggested hep-
tamethylbenzenium cation (heptaMB™) as starting active molecule formed by methy-
lation of hexamethylbenzene (hexaMB), which is identified as the main hydrocarbon
pool molecule. Based on carbon labeling of methanol within H-SAPO-34 Arstad et al.®*
also suggested hexaMB as main hydrocarbon pool species. Toluene was suggested as
the second most reactive HP molecule. Herein, Arstad et al.®? performed fundamen-
tal gas phase studies that reproduced the experimental findings regarding the activity
and selectivity of different PMBs. Lesthaeghe et al.® proved the importance of taking
the molecular sieve structure (H-SAPO-34) into consideration of the gem-methylation of
PMBs using the QM/MM (Quantum mechanics/molecular mechanics) method. It was

found that the chabazite topology is ideal to stabilize methylbenzenium cations.

2.2.2 First step within the side-chain and paring mechanism: gem-
methylation of methylbenzenes

The first step for the side-chain and the paring mechanism is identified as the gem-
methylation of methylbenzenes. The methylation step can occur via two mechanisms:
the stepwise and concerted mechanisms.?#2%52 In the stepwise mechanism, a methanol
is dissociated into a surface-bound methoxide and a water molecule before the actual
methylation step takes place. In the concerted mechanism a methanol molecule is ph-
ysisorbed at the Brgnsted site followed by methylation and water elimination in a single
step. Methylation steps take place in both aromatic as alkene cycles and have gener-
ally been accepted as crucial steps within the MTO mechanism to incorporate methanol
into the hydrocarbon pool. Methylation steps are one of the few reactions that can be

56157

investigated via direct kinetic measurements. However, there still remain questions

concerning the stepwise or concerted pathway. Furthermore, the process conditions will

have a major influence.?%58
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2.2.3 Side-chain mechanism

The side-chain mechanism is characterized (as seen in Figure by the formation of
an exocyclic double bond of an aromatic HP molecule by deprotonation followed by
side-chain methylation and side-chain elimination reactions leading to the formation of
both ethylene and propylene (see Figure . Herein, De Wispelaere et al. proposed a
catalytic side-chain route for ethylene and propylene production in H-SAPO-34. A com-
plete route for ethylene, propylene and butene was found without free energy barriers
higher than 100 kJ/mol.””

2.2.4 The paring mechanism

Via experimental and theoretical results the side-chain route gained more and more sup-
port. But, the side-chain rout was not able to describe some specific labeling structures
that were found in labeled methanol experiments. Mixed labeled products were detected,
which could not be described by the side-chain mechanism as shown in Figure This
led to the hypothesis that a contraction/ expansion pathway would be part of the whole

mechanism resulting in the scrambling of '3C between ring and methyl positions.

Paring . Exocyclic
(ring contraction) * methylation
-H*
* % "
£
Zeollte
* *

Zeollte
. 2 3CH;0H
-H

P
" S~

}: y/amt *
*-—\\ 4 k=

* *

Figure 2.3: Labeling patterns in the formation of propylene via the paring or exocyclic mech-

anism (i.e. the side-chain mechanism). Stars signify labelled carbon atoms. "

The paring mechanism is characterized by ring contraction of six-ring to five-ring carbe-
nium ions, hydride shifts resulting in the formation of propylene and finally ring expan-
sion of the five-ring to a six-ring. A complete catalytic cycle of the paring mechanism for
isobutene formation is given in Figure 2.5.5Y Alternatively, a ring expansion/contraction

route was explored via the formation of the tropylium ion. This will be discussed in
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more detail in the following paragraphs.

Although several research groups investigated the mechanism, still a lot of questions
remain. The ring expansion exhibits high energy barriers and it is not yet clear if the

proposed route as indicated in Figure is completely feasible.

Experimental indications for the paring mechanism

Research towards the mechanism has been performed by pulse experiments and isotopic
labeling. An exchange between ring '2C and methyl *C carbon atoms is assumed to
be an indicator for the paring mechanism. Alternatively, H/D exchange can be used.
However, these techniques are not conclusive for the determination of the specific reac-
tion pathway. Therefore, also first principle modeling has been performed to distinguish
between the different reaction pathways and will be discussed in the next paragraph.
The coexistence of different concurring pathways make isotopic labeling an uncertain
technique towards the unraveling of reaction mechanisms. In this section an overview of

different studies in different zeolites will be discussed.

Wang et al.3? performed carbon isotopic labeling experiments of the methanol feed
within H-ZSM-5. By performing GC-MS analysis C; and Cg rings were detected and
more specifically Cj cyclic species with ethylgroups on the ring. The formation of the
cyclic Cy cations was further verified by Wang et al. by liquid state NMR spectroscopy.
From these experiments it was concluded that ring contraction occurs on the protonated
methylbenzenes and a mechanism with ethylcyclopentenyl intermediates should be con-
sidered. In Figure observed ethylcyclopentenyl cations are given. The first and third
intermediate were already observed in 2000 by Haw et al. by NMR experiments. 420
NMR studies on H-ZSM-5 performed by Haw et al.2! detected 1,3-dimethylcyclopentenyl
carbenium ion as most observed molecule retained on the bed. More methylated 6-ring

molecules were observed in H-Beta which has larger pores than H-ZSM-5.

Figure 2.4: Intermediates detected by NMR experiments on H-ZSM-5 by Wang et al.5%61
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Theoretical calculations on the paring mechanism

The complete catalytic paring cycle involves a sequence of elementary steps: methy-
lations, ring contraction, shift of a hydride or methyl group, elimination of side alkyl

groups and regeneration of methylbenzenes as shown in Figure 2.5] The main bottle-

neck is identified as these last two steps, i.e. the elimination of side alkyl groups and
62

regeneration of methylbenzenes from 5-ring structures.

a0’ ETT
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Figure 2.5: Complete Catalytic Cycle of the paring mechanism in H-ZSM-5. Calculated rate
constants at 673 K are given in s and reaction barriers at 0 K (in brackets) are

given in kJ mol 50

Computational investigations by Wang et al.2 in H-SAPO-34 lead to the proposition
of bicyclic species (i.e. two neighboring ring structures) while other researchers do not
consider these bicyclic species as valuable intermediates.?? The mechanism is shown
in Figure 2.6, where the bicyclic species are labeled as M3, M4/C3 and M7/C4. The
research was performed by period DFT (Density Functional Theory) calculations with
a PBE-D approach.
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Figure 2.6: Catalytic cycle of the paring hydrocarbon pool mechanism for the MTO conversion
starting from hexaMB in acid zeolite or zeotype catalyst.©2

The paring route starts with the formation of heptaMB™(M2) by gem-methylation of
hexaMB (M1), which is slightly endothermic (33 kJ/mol). The first bicyclic molecule
that is formed is heptamethylbicyclohexenyl cation (M3). In the next step, the butylene
and propylene formation cycles differ. While in the propylene formation, a H-shift
leads to the formation of the second bicyclic molecule: hexamethylbicycloheptenyl cation
(M4/C3). It was calculated that a reaction barrier of 259 kJ/mol is needed for this
reaction step. Subsequently, the pentamethylcyclopentadienyl cation (M5/C3) is formed.
No transition state was recognized which is rather odd as this is seen as the limiting
reaction step in other energy schemes. Subsequently hexaMB is again obtained by two
H-shifts step followed by a ring expansion, again a H-shift and some methylation steps.
These last steps are exothermic reactions. In the formation of isobutene, instead of an
H-shift, a methyl shift will result in the split off of the olefin. Again, H-shift followed by
ring expansion, again a H-shift and methylation steps will result in the regeneration of
hexaMB. Although the research is interesting some questions rise concerning the energy
calculations as only the enthalpy is taken into account and thus entropy is neglected. This
is however a major drawback as entropy effects are of major importance within zeolite
catalysis. 364 The energy profile is shown in Figure Apparently, no transition state
could be detected in the step leading to the formation of propylene (from M4 to M5/C3).

Although, no explanation or further details are mentioned in the paper.62
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Figure 2.7: Energy profile of the paring hydrocarbon pool mechanism for the MTO conversion

in HexaMB/H-SAPO-34. The relative energy of each state referred to M1 is listed

in parenthesis.%2

Also Arstad et al.®” suggested bicyclic species (3-ring and 5-ring) in the MTO mechanism
within H-SAPO-34 in which the bicyclic species have an energy of 53 kJ/mol compared
to heptaMB™. Arstad et al. calculated that the first step, in which heptaMB™ cation
is formed from hexaMB, is the most difficult reaction with the highest transition state
barrier (299 kJ/mol). In this step the aromaticity disappears. The computational calcu-
lations were performed with B3LYP/6-311G(d,p) level of theory. All reported energies
were calculated using the B3LYP /cc-pVTZ//B3LYP/6-311G(d,p)+ZPE level of theory.
Remark the difference between the calculated 53 kJ/mol (transition state energy of 299
kJ/mol) by Arstad et al. and the calculated 33 kJ/mol (transition state energy of 113
kJ/mol) by Wang et al. The computational method is thus very important for the ac-
curacy of the calculations. It is however stated in this review paper that the cluster
method is known to give too high activation energies. The second most difficult step

is the expansion reaction from the 5 to the 6-ring with a transition state energy of 293
kJ/mol.

Other theoretical calculations compared the reaction pathway starting from heptaMB™
cation and protonated xylene.®® It was clearly seen that for heptaMB™ cations lower
energy barriers were obtained. Furthermore, there is a hypothesis that also ethylene
could be formed via the paring mechanism. It was suggested that the amount of methyl

groups will influence whether ethylene or propylene will be formed. %"
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An alternative for the contraction-expansion paring mechanism

Arstad et al.% proposed a pathway similar to the known paring route for the formation
of ethylene via a ring expansion instead of ring contraction. The ring expansion mecha-
nism is shown in Figure [2.8| were it can be seen that first the bicyclic molecule is formed
that reacts further to a seven membered ring: protonated hexamethylcycloheptatriene

(tropylium ion).°%

1. 65

Figure 2.8: Ring expansion reaction as proposed by Arstad et a

Nevertheless, no further investigation on this mechanism has been performed so far.

The paring mechanism in other zeolite topologies

Also other zeolite structures seem to produce olefins via the paring mechanism. Bjgrgen
et al. suggested the paring mechanism as dominant mechanism for H-Beta zeolite, in
which mainly propylene and isobutene are formed.%*™ In H-ZSM-5, the dual cycle con-
cept is proposed, in which olefins are formed via aromatic and alkene HP species. The
paring route is suggested as the dominant pathway for the production of isobutene.”"
Furthermore, it was suggested by Ilias et al.”! that ethylene could be formed via the
paring cycle in H-ZSM-5 based on isotopic labeling experiments. Westgard Erichsen et
al.” investigated the paring route in the H-SSZ-24 zeolite. With its large pores it favors
aromatic HP species leading to high selectivities towards aromatics and C,—C, olefins.
The results show that both ethylene and propylene contained a single '3C originating
from a heptaMB™ cation. Furthermore, butenes were eliminated from the ring structure
via either one or two labeled carbon atoms. The occurrence of one labeled carbon can
be explained by the paring cycle. However, the occurrence of a second labeled carbon in
the C4 olefin should be linked to another unidentified mechanism. This all leads to the
suggestion of another cation than the pentamethylcyclopentenyl carbenium ion which

perhaps might not be an intermediate in the reaction. It can be concluded from this
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paper that some parts concerning the paring reaction is doubted, although alternatives

are not yet established.

To conclude, identified scrambling of labeled C-atoms identified 5-ring species (pen-
tamethylcyclopentenyl carbenium ion). Computational investigations towards the par-
ing mechanism suggests a contraction-expansion mechanism. The energy barriers given
by the researchers depend on the selected level of theory. Nevertheless, it can be con-
cluded that the breaking of the aromaticity requires a lot of energy as well as the split-off
of the olefin product.

2.3 The MTO catalyst

Zeolites are crystalline aluminosilicates with a porous structure containing channels and
cavities in the order of molecular dimensions.™ Zeolites are formed in nature in the
presence of volcanic activity,™ but, the success of zeolites in chemical and petrochemi-
cal industry only started after the synthetic pathway was explored. Zeolites have been of
great use in the chemical industry. Its uniform pore diameter makes it often the prefer-
able choice over the more conventional catalysts. Zeotype materials are comparable to
zeolites but exist beside Si, Al and O also of other elements e.g. P. The most known
structures for zeolites or zeotype materials are faujasite, mordenite, MFI and chabazite
(e.g. H-SAPO-34) topologies. A full list of catalyst topologies and further details can
be found on the IZA database.’™

The introduction of synthetic faujasite structures e.g. zeolites X and Y in fluid catalytic
cracking in 1962, was of great importance in the development of the zeolite industry.
In the years after this discovery, zeolites became of general use in the petrochemical
industry, as well as in the research towards the Methanol-to-Olefin process. The largest
industrial applications of zeolites can be found in the detergency industry in which
zeolites are used to remove Ca?™ and Mg?* ions from hard water and thus act as ion-
exchange reagent.”™® Other applications of zeolites within oil refining are Fluid Catalytic

Cracking and Hydrocracking.™®

The product distribution and the underlying reaction mechanism of the MTO process is
dependent on the used catalyst. The influence of the zeolite is twofold: on the one hand
there is the influence of the Brgnsted acid sites, on the other hand there is the frame-
work structure of the zeolite. Besides the topology of the catalyst, process conditions

will influence the product distribution as well.
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2.3.1 Framework structure

The framework characteristics, namely structure, pore size, chemical composition and
crystallite size determine the reactant, transition and product selectivity.” In the case
of Methanol-to-Olefins conversion, reactant selectivity will be less important due to the
small size of the methanol molecule compared to the pore size of the zeolite. The free
diameter of methanol is 2.8 A compared with an opening window of 7, 5.5, 4 A for large-,
medium and small pore sizes for zeolites, consisting of respectively 12-ring, 10-ring and
8-ring (number of T atoms) windows. Hereby T is the number of tetrahedral atoms such
as Al or Si forming the window. The transition and the product shape selectivity on
the other hand are of importance in the MTO process. For example, the selectivity of
the pores will take care of the inability of the large alkene and aromatic compounds to

diffuse out of the pores of the zeolite. ™"

2.3.2 Acidity

As mentioned before, the acidity of the zeolite plays an important role in the catalytic
activity where both the acid strength and the acid site density are determining. The
acidity of the zeolite is mostly determined by Brgnsted acid hydroxyl groups. The
stronger the Brgnsted acid site, the higher its catalyst activity because it will donate its
proton to other species more easily. Research towards these hydroxyl groups has been
performed by IR spectroscopy studies. It was found that the hydroxyl groups absorb in
the range of 3800-3600 cm'.21

2.3.3 Zeolite topologies

The most investigated zeolites/zeotype materials are H-ZSM-5 (MFI topology) and H-
SAPO-34 (Silico-aluminophosphate catalyst, chabazite topology). Both topologies are
shown in Figure 2.9 together with other topologies that are frequently used during MTO
research. The product distribution of the two zeolites is very different. The small pore
size of H-SAPO-34 will lead to light olefin production (ethylene/propylene). Instead, for
ZSM-5 larger products can be obtained (e.g. methylbenzene, isobutane and isopentane)
and a low amount of light olefins will be obtained (see Figure .42 Although, the
research is mostly concentrated on H-ZSM-5 and H-SAPO-34, one should keep in mind
that the commercialization of new ‘ideal’ catalyst are often more challenging than the

more simple and easy producible catalyst.=
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Figure 2.9: Schematic representation of the CHA and MFI and other topologies with given pore

T3xT73 A

sizes. In grey, the maximum diameter of a sphere which can be included is given.
The numbers refer to pure silica zeolites and are taken from the IZA (International
Zeolite Association) database.32

H-SAPO-34

H-SAPO-34, a silicoaluminophosphate based zeotype catalyst, is a 8-ring zeolite with a
CHA topology as can be seen in Figure[2.10] It exhibits a 3D-network consisting of large
cavities (10.0x6.7 A?) and small 8-ring windows (3.8x3.8 A?). The Brgnsted acid sites
originate from framework substitution and in the case of H-SAPO-34 a silicon can be
inserted in a alumniphosphate structure by substitution of a single phosphor atom by a
silicon-atom. Alternatively, silicon islands can be formed in the H-SAPO-34 structure
by substitution of two neighboring P and Al atoms by two Si atoms or by a combination

of the two.B2 These different substitutions will lead to different acid strengths of the
catalyst. 7879

Due to the small pore size of H-SAPO-34, a broad distribution of molecules can be
formed in the cages, but only the small molecules can diffuse out of the catalyst leading
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to a high selectivity towards ethylene and propylene (see Figure 2.11). For example
benzene will fit in the cages, but cannot diffuse through the window from one cage
to another. Consequently, this leads to a high olefins (ethylene and propylene) selectiv-
ity. The MTO process based on H-SAPO-34 is industrialized by Norsk Hydro/ UOP.2280

Figure 2.10: Framework structure of H-SAPO-34.51

H-SAPO-34 has been proven to be a very selective catalyst towards light olefins with a
selectivity over 80% to C,~ — C,~. This can also be seen in Figure where a com-
parison is made with H-ZSM-5. A disadvantage of H-SAPO-34 is its rapid deactivation
compared to H-ZSM-5.8283 Catalyst deactivation is very important for the commer-
cialization of the process. Over time, PMBs are converted into methylnaphtalenes and
can convert further to phenantrene structures and other heavy aromatic structures (i.e.
coke). These aromatics are too big to diffuse through the channels and are stuck in the
cages. This limits the smaller molecules to diffuse towards the cages blocking further
reaction. When a catalyst bed is deactivated, the selectivity towards ethylene increases,
while the total olefin yield decreases.42 The selectivity towards ethylene and propylene
reaches its maximum at 5.7 wt% of coke content.®3 Furthermore, coke compounds can
adsorb on the active sites, thereby deactivating the catalyst (i.e. poisoning of the cata-

lyst active centres).28
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Figure 2.11: Framework structure of H-SAPO-34 and ZSM-5 with its corresponding product

distribution.?2

The size of the pores and diffusion limitations are determining for the coking rate. Al-
varo et al. stated that catalysts with small crystal sizes have a lower deactivation rate
due to the higher amount of accessible cages near the surface. Therefore, attempts to
control the size of H-SAPO-34 have been carried out. Small H-SAPO-34 crystals have

been obtained mainly by fractionation of the zeotype material.20

H-ZSM-5

ZSM-5 is a 10-ring zeolite used in the petrochemical industry for the synthesis of ethyl-
benzene, the isomerization of xylenes and the disproportionation of toluene.®* The frame-
work structure of ZSM-5 with MFI topology is shown in Figure It exhibits a
3D-network of sinusoidal (zig-zag) (5.1x5.5 A?) and straight (5.3x5.6 A2) channels see
Figure 2.11.%3 When used as an MTH catalyst, the medium size pores lead to a broad
product distribution, since light olefins, isobutene, isopentene and even methylbenzenes
can diffuse out of the catalyst.?2 It was found that in H-ZSM-5 ethylene is mainly formed
in the aromatic cycle while propylene and higher olefin are mainly formed in the alkene
cycle."? Furthermore, the product distribution is hardly dependent on the operating
conditions. The deactivation process in H-ZSM-5 is related to blocking of the pores due

to the adsorption of polyaromatics on the channel intersection and outer surface.

To create a Brgnsted active site a defect is created in the framework by replacing a Si
atom by an Al atom. This introduces a negative charge which is then compensated by a
proton thereby creating its Brgnsted active site. H-ZSM-5 is also used in an industrial
environment in the synthesis of ethylbenzene, the isomerization of xylenes and the dis-

proportionation of toluene.54
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Figure 2.12: Framework structure of ZSM-5.81

Other topologies

H-SAPO-34 and H-ZSM-5 are the most important studied catalysts in the light of the
MTO process and have respectively a CHA and MFT topology. Another important cat-
alyst type is the BEA type material. BEA type catalysts consist of intersecting straight
channels which are slightly larger compared to H-ZSM-5 (see Figure 2.9). Due to its
large pores it minimize steric constraint and transition-state selectivity. Therefore, it is a
suitable catalyst to gain knowledge about the activity and selectivity of specific reaction
intermediates that can immediately be fed to the catalyst.?? H-beta is an example of
this topology and consist of a 12-ring structure with three dimensional channels of size
6.6x6.7 and 5.6x5.6 A2 6985

On the contrary of the MFI, BEA or CHA topology TON and AFI topologies consist
of a 1D channel system. H-ZSM-22 is an example of the TON topology. It consists of
one-dimensional 10-ring channels of size 4.6x5.7 A2. Research on H-ZSM-22 showed that
the aromatic cycle contributes in a minor extent to the total mechanism and mainly re-
action proceeds via the alkene cycle resulting in a low yield of ethylene. H-ZSM-22 has a
high selectivity for branched C;* in combination with a low selectivity towards aromat-
ics.BO8T An example of the AFI topology is H-SAPO-5. It consists of one-dimensional
12-ring channels of size 7.3x7.3. Its more bulky nature with less steric constraint has
the consequence that bulky molecules easily diffuse out of the pores. The AFI topology
is not suited for industrial MTO applications but is used in research as model for H-
SAPO-34 because it has no diffusion limitations.58
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2.4 Effect of a mixed water methanol feed on zeolite cat-

alyzed reactions

An objective in the research towards the MTO process is to obtain a better control of
the ethylene/propylene ratio and other higher olefins. One of the strategies that has
been proposed (and industrially applied) to modify the product selectivity and catalyst
lifetime is the addition of water/steam. Insight in the effect of water on the molecular
level can result in a better control of the product distribution. However, the effect of
water on zeolite-catalyzed reactions is still not fully known. Although water is part
of the feed of the methanol and is formed as byproduct in the conversion of methanol
towards olefins, it was often ignored in previous simulations.®? Without any separation
or addition of water, crude methanol contains between 12 and 20 wt% of water.'? Due
to the interest in biomass (which contains between 8.6 and 10 mol% water®) the effect

of water is now investigated.

2.4.1 Understanding effect of water in industry

Before the latest research will be explained, a more in-dept look is taken to some of the
written patents concerning the MTO process and the effect of water. Already in 1981,
the effect of water was recognized.” It was reported that water has a favorable effect
on the ethylene selectivity and reduced the formation of butene. On the other hand, the
activity of the manganese aluminosilicate catalyst decreased under the imposed reaction
conditions and regeneration was only possible for a few times. This problem was solved
by careful dehydration of the methanol before recycling but required a lot of energy.
On the other hand, water has been recognized to slow down the catalyst deactivation
by minimizing the coking rate.”? In 2008, the equilibrium mixture between methanol,
dimethyl ether and water was fully understood but water was mostly removed to some
extent. Water can significantly increase the potential for hydrothermal damage of the
catalyst. Furthermore, the presence of water results in an increased flow rate requiring

larger sized vessels and processing and operating equipment.*3

Lurgi claimed more recently, in 2013, its process plant for producing synthetic fuels
from oxygenates. Herein, water is recycled and afterwards removed from the first stage
of the process.?®% In 2015, UOP claimed a process for increasing conversion efficiency
of oxygenates to olefins. Herein, methanol is converted to DME and water, with an
intermediate where water is removed. The effluent consisting of methanol and DME
is then further converted to olefins. They developed a configuration in which the oxy-
genate feed can be transferred to a methanol/DME feed.”® Thus water is often removed

for further processing in the technologies used nowadays. An objective is to couple both
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the methanol plant and the MTO unit without separation of water, which would finally

result in a lower equipment and operation cost."

2.4.2 Effect of water on ethylene selectivity and coke formation

In 1991, Marchi and Froment™® investigated the catalytic conversion of methanol to light
alkenes on H-SAPO molecular sieves. They concluded was that water results in a higher
alkene production rate and a lower coking rate. In this paper a mixture of 30/70 wt%
of methanol/water has been suggested at a temperature of 700 K for an optimal effi-
ciency of the catalyst H-SAPO-34.98Tn 2001, Song et al.®T related the increased ethylene
selectivity to the transition state shape selectivity. Ethylene formation occurs via the
smallest transition state and is therefore favorable at high water loadings. Hunger et
al.?? on the other hand, stated that addition of water results in an equilibrium shift be-
tween methanol, water and DME towards methanol which results in a higher selectivity

towards ethylene.

The slower deactivation of the catalyst has been related by Marchi and Froment®® to
the competitive adsorption between water, light olefins and oligomer molecules on the
acid sites. Due to the adsorption of polar water molecules on these strong acidic sites,
the formation of large aromatic species is inhibited resulting in a larger induction pe-
riod. This conclusion has also been stated by Wragg et al.’") and was confirmed with
UV-VIS microspectroscopy studies combined with molecular simulations as discussed
by De Wispelaere et al. show that the induction period increases with a higher water
content as shown in Figure 101=102 It was found that methanol and water have an
adsorption enthalpy of respectively -90 kJ/mol and -75 kJ/mol at 330 °C. Calculations
led to the conclusion that two methanol molecules can already deprotonate the Brgnsted
acid site. On the other hand, several water molecules are needed to form a cluster and to
deprotonate the Brgnsted acid site. This cluster formation leads to a decreased activity

of the methanol due to a lower probability of methanol protonation.

The competition at the Brgnsted acid site between water and methanol as studied by
De Wispelaere et al. was also linked with the competition with proylene.’ A compe-
tition was found between water and propylene adsorption on the Brgnsted acid site and
this behavior increased with increased water loading. Thus, in the presence of water,
propylene will have a lower coverage on the surface, this will decrease the probability
of propylene to react further towards cyclic HP species, which will result in a slower

catalyst deactivation.1%!
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Figure 2.13: Induction period observed by UV-VIS microspectroscopy in function of the water
loading on single H-SAPO-34 crystals.01

Wu and Xianchun suggested that the optimum water content in the feed is between 73
and 80 mol%.1% Gayubo et al. suggested that water results in a decrease of the acid
strength in the presence of water and at elevated temperatures. This effect gets more
remarkable at higher water content and higher temperatures.*’ Other papers stated
that co-feeding of water increases the olefin selectivity, reduces the coke formation and
prolonged the catalyst life time.1U*000T Thege insights have been obtained by pulsed
experiments and GC-analysis. In general, computational studies on the effect of water

are rather limited.

2.4.3 Kinetic modelling study

A kinetic modeling study has been performed on the MTO process by Vera-CastanedaU®

et al. The thermodynamical mechanism that describes the overall reaction sequence is
given in Figure 97 It is a simplified model which does not include surface species
etc. It contains the dehydration of methanol towards DME, consecutive reactions for the
production of olefins, the decomposition of methanol to carbon monoxide and hydrogen
and further hydration towards carbon dioxide and hydrogen. The hydrogenation of

methanol and ethylene to respectively methane and ethane are also included.0%
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2MeOH £ [(CHs),0] + H,0
2[(CH3),0]<2.C,H, + 2MeOH
2MeOH ™.C,H, + 2H,0

C,Hs + DMEX.C3Hg + MeOH
CsHe + DMEX.C,Hs + MeOH
C4Hs + DMEY.C5H,o + MeOH
MeOH 7.0 + 2H,

CO + H,0%%.c0, + H,

MeOH + Ha~%.CH, + H,0
CoHa + Hy8C,He

Figure 2.14: Reaction mechanism for the MTO process.“"

The kinetic reaction mechanism for the MTO process as proposed by Vera-Castaneda
(see Figure has been further used to see the effect of water. The result are shown
in Figure With an increasing molar ratio of water to methanol, the conversion
decreases but the ethylene yield increases. This can be explained by the equilibrium
between methanol, DME and water which is pushed towards methanol, consequently

resulting in a higher ethylene production.®?
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Figure 2.15: The effect of the water to methanol (f=W /M) molar ratio on the (a) methanol
conversion, (b) ethylene yield, (c) propylene yield and (d) selectivity towards light
olefins in an ideal fixed bed reactor.””
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To conclude, the hydrocarbon pool mechanism can describe the induction period that is
experimentally seen. Herein, two routes were proposed: the aromatic and alkene route.
Dependent on the zeolite topology, one of the routes can be favored or not. In H-SAPO-
34, the aromatic route is considered as the pathway for the formation of ethylene and
propylene. The aromatic route again consists of two cycles: the side-chain and paring
cycle. The paring cycle is considered in this thesis. The route was developed in order to
explain the scrambling that was experimentally seen. A lot of research have been per-
formed on identifying HP species and from this the paring cycle was developed together
with computational studies. The previous mentioned studies indicate that addition of
water in the catalyst pores has a complex nature and will influence the reaction with

different phenomena such as adsorption, diffusion and reactivity.

2.5 Objective of the master thesis

In this master thesis the paring mechanism and moreover the effect of water on it will
be investigated. Experimentally, it was found that water results in a higher alkene rate
and a lower coking rate. These results were explained by the competition between water
and light olefins on the Brgnsted acid site.”® This was also found by De Wispelaere et
al. X' during computational investigation of the effect of water. In the paring mecha-
nism there is no H-transfer between the acid site and the intermediate. Therefore, the
effect of water is less straightforward and its role is rather unclear. The study of solvent
molecules is rather limited, especially the effect of water on the paring mechanism and

it is aimed to unravel the effect of water on the reaction mechanism.

Initially, in this master thesis ab initio molecular dynamics simulations are carried out
on different intermediates without any solvent molecules present. These calculations are
followed by calculations with different degrees of water loading. A schematic overview
of the water loadings is presented in Figure Several analyses will be performed on
the obtained MD simulations. Due to the dynamic nature of the zeolite, the volume of
the unit cell will be investigated because the volume change might influence the reaction
kinetics. Is there a contraction of the unit cell volume that stimulates the contraction
step of the paring cycle? Is there a contraction in one specific direction? Furthermore,
the effect of water will be studied on the energy level of the intermediate, its position
within the framework and on the position of the aromatic species. By doing all this, it

is aimed to link both experimental and theoretical results.

Besides, AIMD simulations metadynamics simulations will be performed to calculate the
free energy barriers between the different intermediates. The computational details will

be given in the next chapter.



Chapter 3
Computational methods

In this master thesis a theoretical approach is used to gain more insight in the methanol-
to-olefins process, thus no experimental input is used. The obtained results and knowledge
are the consequence of molecular modeling techniques. Quantum mechanical techniques
are necessary to describe the changes of the electronic bonding pattern during chemical
reactions. Both ab initio molecular dynamics (AIMD) and metadynamics (MTD) sim-

ulations will be performed.

3.1 Quantum mechanical methods

In quantum mechanics, the electronic structure of a molecular system is determined.
The time independent Schrédinger equation describes the energy eigenfunction of the

electronic many-body problem and is solved by applying the Born Oppenheimer (BO)

approximation:
H oy = Ey (3.1)
ﬁel - (,—fe + ‘/}en + ‘/}ee) + Vne (32)

Herein, the Hamiltonian is an operator describing the total energy of the system. The
Born Oppenheimer approximation supposes that the nuclei are infinitely heavy such that
the nuclear kinetic energy can be neglected. For the remaining electronic Hamiltonian
H, the interactions are split up. In the above equation T is the notation for the ki-
netic energy and V for the potential energy between electrons e and nuclei n. Still, the
nuclear-electron interaction term appears. Different methods exist to solve for this. The
Hartree-Fock method and the DFT method will be discussed. The DFT method is used

in this master thesis.*0?

30
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3.1.1 Hartree-Fock

The Hartree-Fock (HF) method is an ab initio method which describes the many-body
problem as a single Slater determinant. The Hartree-Fock method uses the Born-
Oppenheimer (BO) approximation and the mean field approximation. This means that
the motion of electrons no longer depends on the motion of nuclei and the motion of
nuclei no longer depends on the detailed motion of the electrons but only on an average
property. Atomic energies within HF always underestimate the exact solution. The dif-
ference is equal to the electronic correlation energy E_. By introducing more correlations
for this term the energy converges to the exact solution (post Hartree-Fock). The wave
function is considered as the fundamental quantum variable that is able to describe any

property of the system.19?

3.1.2 Density Functional Theory

The Density Functional Theory (DFT) is an alternative method to solve the electronic
many-body problem. It stills assumes the BO approximation but instead of solving the
time independent wave function the electronic density is introduced and defined as the
fundamental quantum mechanical variable. The Kohn-Sham equation is the analogous
of the Schrodinger equation in the DFT method. It describes a fictitious system of non-
interacting electrons that generate the same density as any given system of interacting
electrons. There now exists a Slater determinant that exactly reproduces the true elec-
tronic ground state density. The density function completely defines the system in the
ground state and any property can be described by this function. The problem is now
reduced to obtain a good approximation for the exchange correlation energy functional,
which is determined on a semi-empirical way. This results in the risk of overshooting on

the contrary of HF which always underestimate the exact solution.

Calculations using the DF'T method have gained great success with applications ranging
from material science to chemistry and biochemistry. It is a valuable method to describe
interacting electrons. It makes use of the simple three-dimensional electron density
function instead of the complex many-dimensional wave function. A disadvantage of
DFT is that it often fails to describe the exchange-correlation function. These errors
than originate from delocalization error of approximate functionals. ' There exist dif-
ferent classes of functionals that are often used for DFT calculations: Local functionals
(Local-density approximation, LDA), Semi-local functionals (e.g. generalized gradient
expansion, GGA), Hybrid functionals, Meta-GGA functionals. An overview of the hier-
archy of the functionals, defined as the Jacob’s ladder, is given in Figure 3.1. The first
level estimates the exchange-correlation energy only based on the electron density. The

second level takes also the gradient of the electron density into account. The third level
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of exchange-correlation functionals are based on p, 7p and the non-interacting kinetic
energy density 7. The fourth level of exchange-correlation functionals are based on p,
v p and the kinetic energy density e,. The upper level of the Jacob’s ladder also accounts

for unoccupied levels.

HEAVEN OF CHEMICAL ACCURACY

unaccupied {dy} generalized RPA
Ey hyper-GGA
t andior ¥Vn meta-GEA
Vi GGA
" LsD
HARTREE WORLD

Figure 3.1: Jacob’s ladder of density functional approximations for the exchange-correlation

energy. (n=p)*

DFT-D

The disadvantage of the DFT method is that it does not account for dispersion inter-
actions. Dispersion interactions are defined as the attractive part of the van der Waals
interaction and are those interactions between atoms and molecules that are not directly
bounded to each other. It is used for zeolite catalyzed reactions to describe interaction
of the zeolite framework with the observed molecules. The most known method to ac-
count for these interactions are the Grimme dispersion interactions which are also used
in this master thesis. Hereby, it applies an extra empirical potential CgR~® on the

system. 1120113

3.1.3 Basisset

In order to solve the electron-many body system derived from the Schrédinger equation,
the molecular orbitals need to be rewritten in function of a chosen basisset. Every molec-
ular orbital can be rewritten as a linear combination of atomic orbitals i.e. the LCAO
approach. These atomic orbitals can then be further rewritten as a linear combination
of one or more Slater type orbitals (STOs). The STOs are however computationally
complex and are approximated by functions that can be integrated more easily. In the-
ory, an infinite linear combinations must be taken in order to describe the MO correctly.
This is however not possible and the linear combination will be chosen dependent on the

required accuracy.
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A suitable basisset instead of STOs are Gaussian type orbitals (GTO). Herein, a dis-
tinction is made between the core and the valence electrons. The valence electrons are
estimated with a higher accuracy, i.e. a linear combination of more GTO compared to

the core electrons. The GTO are then defined as the basis set for the molecular system.

Besides GTO also plane waves (PW) can be used to describe the molecular system. PW
uses the Fourier series expansion of the atomic orbitals called the plane wave to define
the molecular system. PW as basisset has gained lot of interest to applications with a
periodic system. The main disadvantage of the technique is that a lot of plane waves are
necessary to describe the rapid variations of the wave functions close to the nuclei and
that PWs are very memory demanding. On the other hand PWs are atomic position

independent which reduces the complexity of the calculation.4

In this thesis a third basisset is used, i.e. Gaussian and plane waves™* (GPW) method
which is implemented in the program package CP2K.™5 The method uses an atom-
centered Gaussian type basis to describe the wavefunction, but uses an auxilary plane

wave basis to describe the density. 1o

3.2 Zeolite models

The MTO mechanism is studied for many years. In the earlier years the catalyst topol-
ogy was never considered due to the computational difficulty.?? These calculations were
valuable in their time frame, but nowadays it has been clear that the framework com-
position must be taken into account. Later on, the importance of the topology was
recognized and gas phase calculations without any consideration of the catalyst topol-
ogy were replaced by finite cluster models. Herein, the catalyst topology was considered
on a limited basis. However, in order to fully account for the zeolite model the model
must be extended. An alternative approach is the periodic cluster model. This approach

will also be used in the master thesis.

3.2.1 Finite cluster model

In the finite cluster model, part of the catalyst topology is cut out of the zeolite model.
Hereby bonds are broken and the dangling bonds have to be saturated with auxiliary
atoms e.g. hydrogens. Because these hydrogen atoms would result in a higher flexi-
bility of the zeolite cluster compared to a realistic zeolite framework, an infinite mass
is applied to the hydrogen atoms such that the zeolite cluster is constrained in space.

This technique limits the problem significantly. However this results in a decrease of the
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accuracy. Often, DFT calculations on the finite cluster model are performed to provide
a good starting structure for periodic calculations in which the entire catalyst topology

is considered.™ 7

3.2.2 Periodic model

A zeolite topology is characterized by unit cells that are periodically repeated (see Figure
. The periodic model calculations are limited to only one unit cell but is afterwards
periodically extended. The advantage of this model is that the full zeolite nature is
considered with its channels and pores. The disadvantage is however that the amount of
T-atoms is often higher for the periodic model than for the extended finite cluster model

resulting in a higher computational demand. It has been intensively debated whether

the periodic model or the extended finite model is the best choice. We can conclude that
32

both methods have their strengths and weaknesses.

Figure 3.2: H-SAPO-34 unit cell (shaded area) containing two acid sites taken from De Wis-
pelaere et al. 10T

3.3 The molecular dynamics approach

In order to calculate the dynamics of reactions, static or dynamic methods can be used.
Early research on the MTO mechanism made use of static methods. Nowadays both
techniques are used. With static calculations only the reactant, product and transition
state energy is calculated. Static ab initio modeling of the molecule is performed in
order to find the absolute minimum on the PES at 0 K. In principal, in order to find
the reaction velocity all trajectories on the potential energy surface must be calculated.
However, this is not computationally feasible and the transition theory is applied. By
this, the calculations are limited to three complexes: the reactant, product and transition

state. These are then related to its microscopic properties by means of the calculation
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of partition functions.

On the contrary, the dynamic research is able to probe a larger part of the potential
energy surface (PES). In general the PES is very complex with dimensions of 3N-6 for
molecules for N atoms. There are 3N degrees of freedom associated with the positions of
each atom. However due to symmetry reasons after global translation (three degrees of
freedom) and global rotation (three degrees of freedom) the PES has 3N-6 dimensions.
Although the molecular dynamics approach is clearly much more computationally ex-
pensive, it is used to describe heterogeneous complex systems were many local minima
exist. Furthermore, the MTO process takes place at elevated temperatures were prob-
ably different states will be occupied and the static approach will not be sufficient to

cover this. 81418

In this work much attention is given to this static approach, the focus in the follow-
ing paragraphs will be on the molecular dynamic approach. Molecular dynamics and
metadynamics simulations are used to account for the dynamics of the system such as
the presence of solvent molecules, the movement of the zeolite, entropy and temperature
effects. These computational methods are used together with visualization techniques
in order to provide a three-dimensional representation under a given set of reaction con-

ditions.

3.3.1 Molecular dynamics

In the ab initio molecular dynamics (MD) approach the physical movement of a molec-
ular system is followed over time. Molecular Dynamics is a deterministic method in
which the state of the system at any future time is calculated based on its current state.
A schematic overview of the iterative procedure is given in Figure 3.3. The simulation
starts with an initial structure at t=0. The forces (F) on all atoms in their current
position (r) are calculated as the derivative of the potential energy (V) to its position.
By applying Newton’s second law the motion of the molecules during the time interval
A t is calculated:

1%
F=—"— .
5 (3.3)
=md (3.4)

The new velocities and positions can be calculated with the formula given in Figure 3.3
at time t+A t. The iterative procedure is repeated until the sample time is considered
to be sufficient. The choice of the timestep is crucial for the accuracy of the calculation.

On the one hand, the time step must be small enough to be able to describe small events,
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on the other hand, a small time step will require a large computational time.™5

| Give atoms initial positions r*=), choose At |

44 Get forces F= -V V(")) and a = F/m |

| Move atoms: ri*1) = ¢l) + vl At + Y5 a At2 + ... |

|

I Move time forward: t =t + At }

4’ Repeat until sampling is sufficient |

Figure 3.3: Schematic overview of the procedure followed in Molecular Dyanmics+"”

Within MD two approaches are used to solve the electronic many-body problem after

each time step:
e Born-Oppenheimer MD
e Car-Parrinello MD

In Born-Oppenheimer MD only the BO surface is taken into account. Thus only move-
ment of the particles on this BO surface is considered. Whereas, in Car-Parrinello MD
small deviations from the BO surface are allowed..® Molecular dynamic methods should
result in a better understanding of the interaction and in more realistic models for the

mechanism.??

3.3.2 Ensembles

The aim of performing MD calculations, is to get information over the average many-
body system called the ensemble average. Therefore molecular dynamic simulations are
performed within a thermodynamic ensemble, in which an ensemble is defined as a set
of identical systems with the same limitations. An important property of ensembles is
that systems have to be ergodic, i.e. the time averaged value of a parameter (which is
calculated) is equal to the ensemble average. This postulate implies that thermodynamic

properties can be derived from the calculations, if the system is simulated long enough.

Several ensembles exist. For example in the NVT (canonical) ensemble, the number
of particles, the volume and the temperature of the system is conserved. Other well
known ensembles are the NPT or the NVE (microcanonic) ensemble in which number of
particles, pressure and temperature or number of particles, volume and energy are kept

fixed, respectively. Standard the NVE ensemble is used in computational methods, but



Chapter 3. Computational methods 37

at industrial reaction conditions it is often more interesting to keep the pressure and

temperature constant. Therefore, the NPT and NVT ensemble is used.

In order to keep the temperature constrained a thermostat is applied on the system.
The constant temperature is obtained by exchanging energy from the system with a
heat bath. The Nosé-Hoover method will be used in this master thesis for the pro-
duction run. The disadvantage of this method is that the Nosé-Hoover thermostat has
the risk of being non-ergodic. On the other hand, the Nosé-Hoover thermostat is easy
to implement and time reversible. In order to keep the pressure constant in dynamic

simulations the volume of the simulated box is varied (barostat).

3.3.3 Metadynamics

Due to the large system in this master thesis, only a short time (on the order of ps) is
simulated during the molecular dynamics which is too short for reactions to proceed. A
reaction is thus a rare event and will almost never take place due to its high activation
barrier. The probability of sampling a state is proportional to the Boltzmann factor
exp(-E/kgT). States with a higher energy will have a lower probability to be sampled
and thus reactions with high barriers on the PES will need a long time to be sampled. To
overcome this, the metadynamics methodology is developed to stimulate the occurrence

of a reaction.

Before further attention is given to the computational method of metadynamics simu-
lations, the concept of collective variable is introduced. A collective variable is used to
describe the different states of a reaction and is determined by e.g. the coordination
number (CN) which is defined as follows:

n

CN = Z —r”/ "0

— (rij/ro)™ (3:5)

with r,j the distance between two atoms i and j, r, the reference distance. Nn and nd
are chosen parameters and are chosen such that the coordination number is equal to 0.5

at the reference distance with typically a value of 6 and 12 for respectively nn and nd.®L

In the metadynamics approach energy (in the form of Gaussian hills) is added to the
free energy surface in function of a limited number of collective variables (CV) in order
to overcome the reaction barrier. Based on these Guassian hills the free energy surface

van be reconstructed. Mathematically this reconstruction technique is defined as follows:

tllglo VG(Svt) 7F(S)
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with the sum of the Gaussian potentials V5 defined as:

Va(S(x),t) = w > cap(—(S(x) = s('))?/(205%)) (3.6)

H=1G,27G 3t <t
with F the free energy, s(t’) a function of the collective variable at time t’ and S(x) a
function of the collective variable at time t. 7 is the time interval between two added
Gaussian hills, w the height and ¢ the width of the added Gaussian hill.

A schematic representation of the technique is shown in Figure 3.4.

(@) (b)

\/
\ 4

Cv CcVv

»
>

Ccv

Figure 3.4: Schematic representation of Molecular dynamic techniques. a) Gaussian hills are
added to the PES b) in order to overcome the reaction barrier. ¢) The inverse of

the scanned surface reconstructs the free energy profile. 102

3.4 Methodology used in this masterthesis

This master thesis will focus on the paring mechanism within the MTO mechanism in
H-SAPO-34 using molecular dynamic simulations. The molecular dynamic approach is
used in order to account for the dynamics of the system. As discussed in the litera-
ture review, the topology of the catalyst will be included. Using molecular dynamics in
heterogeneous materials, is rather new because of its computationally difficulties. An
empty H-SAPO-34 unit cell containing 110 atoms is used for which periodic boundary
conditions are applied in order to get a full representation of the catalyst topology. The

catalyst is activated by the substitution of two Si substitutional defects, resulting in a
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framework with an effective negative charge.

It should be clear that a difference in computational method and reaction conditions is
very determining for the results of the simulation. All simulations are performed using
CP2K with GTH basis set and pseudopotential. Furthermore, the combined GPW basis
set approach is used with the revPBE functional and dispersion interactions are added
(Grimme D3 dispersion correction).*42 AIMD simulations are obtained with a timestep
of 0.5 fs in the NPT ensemble at 623 K and 1 atm. The system was first equilibrated
with the CSVR thermostat and thereafter a 50 ps production run with a chain of five

Nosé-Hoover thermostats was obtained. The pressure was controlled by a MTK barostat.

For the metadynamics simulations the same basis set and functionals are used but these
simulations are performed in the NVT ensemble at 623 K using a chain of five Nosé-
Hoover thermostats. A timestep of 0.5 fs was taken and Gaussian hills of 5.0 kJ/mol
were added every 50 steps. The width of the Gaussian hills was set to 0.02.



Chapter 4

Effect of water on the paring
mechanism as studied by

molecular dynamics simulations

As mentioned in Chapter 2], the hydrocarbon pool mechanism is considered as starting
point for this master thesis. Herein, hydrocarbon pool species act as co-catalyst in the
MTO mechanism. The HP species can be of aromatic or aliphatic nature resulting in
an aromatic or alkene cycle. In this master thesis the aromatic cycle will be studied and
more specific, the paring cycle which is characterized by a contraction and expansion of

the aromatic intermediate.

An overview of the full paring reaction cycle for the formation of propylene can be
found in Figure of Chapter As noted by Arstad et al.®? the propylene forma-
tion requires high energy barriers causing questions for the feasibility of the complete
route. Therefore, this master thesis focuses on some important reaction steps within
this cycle, as shown in Figure £.I] The first intermediate, i.e. heptamethylbenzenium
cation (heptaMB™), is the results of repeatedly methylation of an aromatic species such
as toluene. The first step that will be investigated in this master thesis is the con-
traction reaction of heptaMB™ to the pentamethyl-isopropyl-cyclopentadienyl cation
(5-iC3—CPT). In a second reaction the propylene carbon-carbon bound between the
ring atom and isopropyl group is broken and a hydride shift takes place resulting in
the formation of propylene and the pentamethylcyclopentadienyl cation (PMCP™). The

molecules of interest will be abbreviated in the discussion and are also given in Figure[4.1]

40
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HeptaMB* 5-iC,-CP* PMCP*
Heptamethylbenzenium Pentamethyl-isobutyl- Pentamethylcyclo-
cation cyclopentadienyl cation pentadienyl cation

+
_} _>
/5-3-CP*
Pentamethyl-

dimethylcyclopropyl-
cyclopentenyl cation

Figure 4.1: Overview of the investigated reactions within the paring cycle in H-SAPO-34.52

An objective in the research towards the MTO process is to obtain a better control of
the ethylene/propylene ratio. Herein, water can be part of the methanol feed and it is
formed as byproduct in the conversion of methanol towards olefins. Therefore, insight
in the effect of water can result in a better control of the product distribution and tune
the product distribution to lower or higher olefin molecules. To analyze the effect of
water on the paring mechanism, cases with different water loadings are considered for
all above mentioned intermediates. On all these case studies AIMD simulations have
been performed as described in Section of Chapter

4.1 Notes on the performed simulations

The four studied cases with different amount of water loading are represented in Figure
In case 0, one hydrocarbon molecule is placed in one of the two cages. To analyze
the direct interaction of the solvent with the aromatic intermediate, the unwanted diffu-
sion of water to a neighboring cage is limited by loading both cages with an intermediate
and the exact same water loading. Therefore, case 1 contains in each cage of the unit cell
the considered intermediate. This results in the removal of the proton of the framework,
because two charged intermediates are present. In case 2 and 3, two respectively four
water molecules are added to each cage of the unit cell. The latter two cages representing
the low and high water loading. In case of the intermediate pentamethylcyclopentenyl
cation (i.e. PMCP™) propylene is placed in the second cage in case 0. This is not in

case 1, 2 and 3.

Besides these four cases, an empty H-SAPO-34 unit cell was simulated because it serves

as reference for the other simulations.

During simulation of 5-iC3—CP™ it was seen that both the bicyclic, 5-3-CP* as 5-iC;—CP™
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are present in the time frame during the simulation of the five-ring specie. 5-iC;—CP™
is found to be in equilibrium with (5-3-CP*) Thus, when the results of the ab initio
molecular dynamic simulations of 5-iC3—CP™ are discussed, both five-ring species are
actually meant. The bicyclic molecule was also taken into account in research by Wang

et al.%? when proposing their paring mechanism.

Case 0: Case 1:

rT™ r T 7
L L NL L i

Case 2: Case 3:

i, T 10 T, +1
HC HC S, He,
L -L"dL L

Figure 4.2: Overview of the ab initio simulations for every intermediate with different water

loadings.

The effect of water, the behavior and stability of the carbocationic intermediate is stud-
ied by performing several analyses on the results of the AIMD simulations for the three
considered intermediates of the paring mechanism. First of all, the volume of the frame-
work is studied because this might act as driving force for the contraction step to proceed.
Together with the variation of the unit cell volume, the change in the unit cell parame-
ters are analyzed to elucidate possible anisotropy in these variations. The energy profile
of the calculations obtained from AIMD calculations is investigated. However, no acti-
vation barriers are calculated, the energy profile gives an idea of the driving force for the
reaction to proceed. Furthermore, the mobility of the solvent molecules and aromatic
HP species within the zeotype framework are studied and visualized in order to see the
preferred position of the water molecules. Herein, clustering of the water molecules is of
course evaluated. 2D histograms are made to visualize hotspots in the orientation of the

intermediate. The position of the aromatic species is than linked to the previous results.

4.2 Framework flexibility

During the MD simulations, the physical movement of a molecular system is followed

over time (50 ps), resulting in a movie of the motion of the interacting molecules. First
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of all, a lot of information can be obtained visually, giving an idea of interactions, pref-
erential orientations, etc. However, these insights need to be quantified by analyses. At
first, the framework flexibility is studied because this might act as driving force for some
reaction steps in which the volume of the intermediate also changes. Together with the
variation of the unit cell volume, the change in the unit cell parameters in all three
directions, indicated on Figure are analyzed to elucidate possible anisotropy in
these variations. It is noted that the choice of the NPT ensemble makes volume changes
possible.

Wragg et al 12

experimentally investigated the volume variation within H-SAPO-34
by in situ and ex situ XRD under MTO conditions. A volume increase of 0.5 % was
measured when adding methanol. On the other hand, a volume decrease of 2 %, with
contraction in both the a and c direction, was measured when adding water. The volume
increase/decrease of the unit cell was linked by Wragg et al. to the strength of interaction
with the framework and size of the adsorbent. They suggested that water molecules are
able to coordinate protons from the framework and thereby reduce the unit cell volume
(especially in the ¢ direction). Methanol is less attracted to the framework, resulting in

a slight expansion, 21200121

In Figure the variations of the geometrical unit cell parameters for case 0 are shown
for three intermediates studied in this master thesis relative to an empty H-SAPO-34
unit cell. In order to have an equal amount of atoms in each simulation, propylene is
also included together with PMCP™. The variation as shown graphically is defined as
the difference of the 50 ps average parameter x (with x = a, b, ¢ or volume) and the 50
ps average parameter x of an empty unit cell divided with this 50 ps average parameter
of the empty unit cell (see Equation .

L Tempty o 100 (4.1)
Tempty
As can be seen in Figure adding an aromatic intermediate to the H-SAPO-34 cage
leads to an increase of the volume of the unit cell. The volume increase is the strongest
for heptaMB™ with an increased volume of 2.1 % compared to an empty H-SAPO-34
unit cell. Remarkable is that the elongation occurs in the b and ¢ direction whereas in
the a direction there is almost no elongation (this was also seen by Wragg et al.*2L). The
same trend can be seen for PMCP™ with a small contraction of 0.1 % in the a direction.
For 5-3-CP™, the elongation is less anisotropic. The volume increase of 5-3-CP* and
PMCP™ is respectively 1.8 % and 1.6 %. An explanation for these volume differences
can be found in the intermediate molecule. HeptaMB™ covers a higher volume within
the framework compared to 5-3-CP" and PMCP™ which explains the volume difference.

Perhaps the different directions will be made clear by further analyses.



Chapter 4. Effect of water on the paring mechanism studied by MD 44

3.5% - |- | -l

3 HC

a

¥ 3.0%
2= L L
5 5 25% -
2
= 3 2.0% -
g E +a
= 1.5% -
23 mb
8 T 1.0% -

-
% B 05% - v - c
E 5 0.0% a < Volume
220 *
]

o -0.5%

E=]

-1.0% -
HeptaMB* 5-3-CP* PMCP

Figure 4.3: Average variation of unit cell parameters and volume relative to an empty H-SAPO-
34 unit cell for case 0 at 623 K and 1 atm for three intermediates for a 50 ps MD

simulation.

Analogue figures are made for the different water loadings per intermediate. Again, the
change of the unit cell parameters are expressed relative to an empty H-SAPO-34 cage.
The result for the intermediate heptaMB™ is shown in Figure With an increasing
water loading, there is an increase in the volume of the unit cell. At the highest loading,
a significant volume increase of 2.7 % is found. In earlier research by De Wispelaere et
al., the volume was found to first decrease and than increase with an increasing loading
of water. However in this master thesis the cages are already filled up enough even at
low water loadings to be past this decrease seen in earlier research. In Figure [1.4]it can
also be noted that there is a strong anisotropic behavior and the anisotropic behavior
decreases with increasing water loading. The elongation is 2.4 %, 2.5 % and 2.0 % in
the ¢ direction for case 1, 2 and 3, respectively which is in accordance with research by
Wragg et al.141
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Figure 4.4: Average variation of unit cell parameters and volume relative to an empty H-SAPO-
34 unit cell at 623 K and 1 atm of heptaMB™ for a 50 ps MD simulation.
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In case of 5-3-CP™ as considered intermediate within the H-SAPO-34 cage, all the unit
cell parameter variations are positive (see Figure . This is not the case for PMCP™
(see Figure . These two figures show some differences with Figure in which the
unit cell parameters and volume of heptaMB™ is shown. First of all, the elongation in
the c-direction is not present for the bicyclic species, 5-3-CP™. For this intermediate the
volume of the unit cell decreases again in case 3 and the elongation is less anisotropic
in this case. This event will be discussed in more detail when interpreting the results
of the mobility of the water molecules and position of the intermediate (see section
and . For PMCP™" the results of case 2 are rather different from the other cases
with a large increase in the a-direction and a decrease in the b-direction. This cannot be
explained yet at this moment and will be further investigated at the end of this chapter.
At this moment it is suggested that the framework feels the loading of the cages and

reforms as a consequence of this.
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Figure 4.5: Average variation of unit cell parameters and volume relative to an empty H-SAPO-
34 unit cell at 623 K and 1 atm of 5-3-CP™ for a 50 ps MD simulation.
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Figure 4.6: Average variation of unit cell parameters and volume relative to an empty H-SAPO-
34 unit cell at 623 K and 1 atm of PMCP™ for a 50 ps MD simulation.



Chapter 4. Effect of water on the paring mechanism studied by MD 46

In the above figures the change of the unit cell parameters is shown relative to an empty
H-SAPO-34 unit cell. However, the unit cell parameters of H-SAPO-34 is not at all
constant in the c-direction. This can be shown in Figure [£.7] During the simulation
there is a sudden contraction in the c-direction. This problem has also be seen in earlier
research at the Center for Molecular Modeling. This is remarkable moreover because
these drops does not occur with filled cages. Therefore, it is hard to indicate the ac-
curacy of the obtained results as they are compared to this empty unit cell. In order
to get an idea of the accuracy of the simulations for the different intermediates, one
shows the evolution of the volume of the unit cell during the simulation. In Appendix
[A] the unit cell parameter variation are shown after 30, 35, 40, 45 and 50 ps simulation.
The unit cell parameters variation are calculated relative to a 50 ps empty H-SAPO-34
simulation. This approach is used in order to test the accuracy of the simulations for the
different intermediates without consideration of the accuracy of the empty H-SAPO-34
unit cell. For most simulations a steady state regime is obtained with little deviations
(0.2 %), however some deviations were quiet large (0.5 %). In order to improve these

result, one can simulate longer.
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Figure 4.7: Unit cell parameters of an empty H-SAPO-34 unit cell at 623 K and 1 atm during an
MD simulation. During this simulations two drops in the c-direction are observed

as indicated in red.

From this analysis of the framework flexibility, it can be concluded that the unit cell vari-
ation are very anisotropic. When considering the intermediate heptaMB™, elongation is
strongly present in the c-direction and contraction is noticed in the a-direction in case

1 and 2. The elongations are more fluctuating for the other investigated intermediates.
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Furthermore, a more compact intermediate (such as the five-ring species) results in a
volume decrease of the framework compared to heptaMB™. Apparently both the water
loading and the intermediate influence the behavior of the unit cell in different direc-
tions for different intermediates and further analyses of these characteristics is needed

to understand the behavior seen here.

4.3 Energy profile for the paring cycle

Secondly, the average potential (U) and total energy (E=U+K) per simulation are cal-
culated and compared to a reference (in this case heptaMB™ will be used as reference).
The energy profile gives an idea of the difficulty of the step and is a measure for the
driving force of the overall mechanism (although no transition state energies are calcu-
lated). For energy calculations it is of course necessary to compare simulations with an
equal amount of atoms. In case 0, propylene is placed in the cage adjacent to the one
filled with the carbocationic intermediate and thus an equal amount of atoms is obtained
for the three intermediates. Placement of propylene in the same cage leads to reaction
between the two molecules which is unwanted. In Appendix [E] this unwanted result is
shown. The formation of the bicyclic specie hints that PMCP™ is a rather unstable
specie but will be further discussed in the next paragraph. In case 1-3 this methodology
is not possible since both cages contain an aromatic intermediate (and the placement of
the intermediate anticipates on the unwanted diffusion of water molecules). Therefore,

these simulations of PMCP™ cannot be compared to one another.

In Figure the results are shown for case 0, in Figure the results are shown for
case 1-3 for heptaMB™ and 5-3-CP". From Figure it is concluded that the paring
cycle has an increasing energy level which is opposite to the volume of the unit cell
as discussed before. PMCP™ already has an energy 133 kJ/mol higher compared to
heptaMB™ which suggests a low driving force for this route. The anti-aromatic nature
of PMCP™ is presumed to be the cause of this. However when looking at Figure
the energy difference between heptaMB™ and 5-3-CP™ increases at first (when two wa-
ter molecules are added in each cage) but this difference diminishes when four water
molecules are added in each cage. Thus, it can concluded that the energy level first
increases, but at high water loadings (case 3) this result in the same energy level as
in case 0. Perhaps water stabilizes the intermediate within the framework resulting in
lower energy barriers. Thus, from these, it can be concluded that there certainly is an
effect of water on the energy profile. Moreover, this effect is quiet outspoken but at high
water loadings the effect completely cancels out again. A more detailed study of the

energy profile of PMCP™ can give a better understanding.
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Figure 4.8: Energy profile of case 0 for the different molecules relative to heptaMB™ at 623 K
and 1 atm during a 50 ps MD simulation
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Figure 4.9: Energy profile for the different cases of 5-3-CP™ relative to heptaMB™ at 623 K
and 1 atm during a 50 ps MD simulation. Note that the relative energy state is

different for each case.

Again, the mean potential energy of 5-3-CP" compared to heptaMB™ is given but this
time the variations over simulated time is analyzed. In Figure .10] the thermodynamic
profile is shown after 30, 35, 40 and 45 ps for heptaMB™ (the thermodynamic variation
profile for 5-3-CP™ is shown in Appendix in order to get an idea of the convergence
of the simulation. It can be concluded that the relative energy difference varies quiet
largely (-8 - 20 kJ/mol). A simulation of 50 ps is rather short to do accurate energy
calculations because of the rather large energy deviations over time. Therefore, to in-
crease the accuracy of the energy calculations, one can simulate longer. However this

will require more time and is not done in this master thesis.
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Figure 4.10: Potential energy difference at 623 K and 1 atm between the energy calculated at
30, 35, 40 and 45 ps and the energy calculated after 50 ps for heptaMB™.

4.4 Mobility of the water molecules

In this master thesis only water is considered as solvent molecule because it is aimed
to investigate the effect of water on the paring cycle. In case 2, there are in total four
water molecules to visualize, in case 3 this amounts up to eight water molecules per
unit cell. In the analysis hereof, its position along the MD simulation is plotted for each
water molecule separately (which is done for the clarity of the figures) while all the other
molecules are kept fixed. However, this results in four figures in case 2 and eight figures
in case 3. Because of the high amount of plots, only two plots will be shown here (most
extreme cases). The plots for the non-discussed water molecules are given in Appendix
The aim of this type of analysis is to give an idea of the mobility of the water molecule
during the MD simulation in one plot. For 50 ps, the location of the water molecule is

plotted every 100 steps.

At the start of the simulation the water molecules were equally spaced in both cages
of the unit cell. However, after the system is equilibrated, it was found that the water
molecules are positioned in several places: the water molecules could be positioned in
between the two cages, around the intermediate or in the empty cage that is a result of
periodic extension. The origin of the so called empty cage is graphically shown in Figure
Although, the unit cell is filled up with an intermediate in both cages of the unit

cell, an extra cage containing no intermediate molecules is made.
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Figure 4.11: The unit cell is highlighted and shows by periodic extension the origin of the

empty unit cell.

Together with the visual way of representing the position of the water molecules other
quantitative results will be shown here such as the amount of clustering of water molecules
and histograms of the measured distance between oxygen of the water molecules and the
framework, the intermediate and each other. Our interest will be focused on the shortest

distances between the considered atoms.

4.4.1 HeptaMBT

At first, the simulations with heptaMB™ as HP species is considered with both types of
water loading. Herein, most water molecules are located in between the cages filled with
the intermediate (i.e. the empty cage) as shown in Figure and Figure In case
3, six of eight water molecules are placed in the empty cage. Herein, the water molecules
have a lot of space and form clusters with each other. The driving force for this move-
ment can be linked to the fact that the water molecules are less restricted to any position.
However, the space available in the intermediate containing cages is large enough, water
molecules clearly prefer the empty cage. The water molecules seem to have only a low
interaction with the Si position as the water molecules do not have a specific orientation
towards the active site in the empty cage. The two other water molecules in case 3 do
have preferred positions (see Figure , also in case 2 a water molecule is placed
close to the considered intermediate (see Figure [4.12b). When looking back at the unit
cell parameters and volume of heptaMB™, case 2 and 3 were quiet similar. The small
increase in volume can be explained by the increased water loading. For case 3 however,
the total volume did increase but the elongations were more isotropic. Can the position
of the water molecules explain this behavior and the energy profile as discussed in Sec-

tion [£.377 On a first sight, no difference is noticed between case 2 and 3. The position
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of the water molecules are rather similar. Therefore, some other analyses are considered.

Figure 4.12: MD visualization of the different positions that an oxygen atom of a water
molecules has in a 50 ps MD simulation in H-SAPO-34 in case 2 with heptaMB™
at 623 K and 1 atm for two different water molecules (a and b). a) water molecule
is positioned in the empty cage b) water molecule is positioned near the interme-
diate.
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Figure 4.13: MD visualization of the different positions that an oxygen atom of a water
molecules has in a 50 ps MD simulation in H-SAPO-34 in case 3 with heptaMB™
at 623 K and 1 atm for two different water molecules (a and b). a) water molecule
is positioned in the empty cage b) water molecule is positioned near the interme-
diate.

When evaluating the effect of water on the paring mechanism, it is of course interesting
to evaluate the amount of clustering of water. In this master thesis clustering is consid-
ered if the distance between two water oxygen atoms is less than 3.5 A. In case 2, 50 %
of the water molecules does not form a cluster, 30 % forms dimers and 20 % trimers.

These values shift with higher loadings (in case 3): all water molecules cluster. Herein,
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68 % forms a dimer, 15 % trimers, 11 % tetramers and 6 % pentamers. A clear trend to

higher cluster formation is seen with high water loading which should not be surprising.

4.4.2 5-3-CPT

For the bicyclic 5-3-CP ™ species, more water molecules are constrained to their position
compared to heptaMB™. Figure shows a water molecule placed in the empty cage.
Figure [£.14D] shows a water molecule placed close to the intermediate. When looking
back at the unit cell parameters and volume of 5-3-CP™ for the different cases, there
was no trend visual. Case 2 was quiet different from the other cases. From the analysis
of the position of the water molecule, it can be concluded that in case 2, three of the
four water molecules are positioned around the intermediate which causes an increase
in the volume. In case 3, also three (of eight) water molecules are positioned close to
the intermediate. Furthermore, in case 2 the clustering consists only of dimers (72 %).
28 % does not form any cluster. In case 3, 66 % of the water molecules forms dimers,
20 % trimers, 9 % tetramers and 4 % pentamers. Again, the amount of clustering in-
creases with increasing water loading. There is a big effect on the energy barriers so

it should be clear that the effect of water on the paring mechanism is not at all negligible.

Figure 4.14: MD visualization of the different positions that an oxygen atom of a water
molecules has in a 50 ps MD simulation in H-SAPO-34 in case 2 with 5-3-CP ™" at
623 K and 1 atm for two different water molecules (a and b). a) water molecule
is positioned in the empty cage b) water molecule is positioned near the interme-
diate.
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Figure 4.15: MD visualization of the different positions that an oxygen atom of a water
molecules has in a 50 ps MD simulation in H-SAPO-34 in case 3 with 5-3-CP ™" at
623 K and 1 atm for two different water molecules (a and b). a) water molecule
is positioned in the empty cage b) water molecule is positioned near the interme-
diate.

4.4.3 PMCP™*

The last evaluated intermediate is PMCP™. In case 2, all the water molecules surround
the intermediate (see Figure . This resulted in a contraction in the b-direction and
the largest elongation in the a-direction. The position of the water molecules in case 3
is given in Figure 4.17| Furthermore, there is a 93 % probability to find water dimers
and only 7 % remains unclustered. When in case 3 more water molecules are added, all
water molecules are clustered with a distribution of 52 % dimers, 24 % trimers, 17 %

tetramers and 7 % pentamers.

Figure 4.16: MD visualization of the different positions that an oxygen atom of a water
molecules has in a 50 ps MD simulation in H-SAPO-34 in case 2 with PMCP™* at
623 K and 1 atm for two different water molecules (a and b). Both a and b are

positioned close to the intermediate.
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Figure 4.17: MD visualization of the different positions that an oxygen atom of a water
molecules has in a 50 ps MD simulation in H-SAPO-34 in case 3 with PMCP™ at
623 K and 1 atm for two different water molecules (a and b). a) water molecule
is positioned in the empty cage b) water molecule is positioned near the interme-
diate.

4.4.4 Location of the water molecules by investigating distances

At last, the location of the water molecules is further investigated by calculating the
shortest distance at any time of a water molecule and the other water molecules, the
intermediate and the framework atoms. By doing so, the visualizations herefore are
quantified. The graphs are obtained by calculated at every time step the distance be-
tween an oxygen of a water molecule and the target atoms. From all these distances, the
shortest distance is taken and this is done at every time step resulting in the shortest dis-
tance probability distribution. The first calculated distance is the distance between an
oxygen of a water molecule and the carbon atoms of the hydrocarbon. In Figure
the result is shown for case 2. Besides a variation in the broadness of the molecules
no shift is seen here. This differs in case 3 (see Figure were the PMCP™ has a
complete different behavior than the two other molecules where water molecules atoms

approach the intermediate quiet closely.
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Figure 4.18: Distribution of the shortest distance between oxygen atom of H,O and carbon
atom of the considered intermediates in case 2 for a 50 ps MD simulation at 623
K and 1 atm.

In Figure [£.19] the clustering is shown in forms of the shortest distance probability dis-
tribution. First of all, between Figure [£.19a] and Figure [£.190] there is a shift to the
left to smaller distances which is caused by the increased water loadings. For case 2,
again and more outspoken, the distribution becomes smaller for PMCP™ compared to
5-3-CP™, which is again smaller than heptaMB™. In Figure PMCP™ again shows
two peaks. The nature hereof, was found by observation of the motion. During the
simulation a water molecule approach the neighboring oxygen atom of the Si-atom and
forms a covalent bond. Resulting in the formation of OH . Although, it is expected
that this situation is highly unstable, it is seen during a significant time and this will

probably be an artifact of the performed simulation.
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Figure 4.19: Distribution of the shortest distance between oxygen atom of H,O and hydrogen
atoms of other water molecules of the considered intermediate for a 50 ps MD
simulation at 623 K and 1 atm.

At last, the distance between the water molecules and the framework is considered and
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shown in Figure In Figure the distribution is shown for low water loading
for the three considered intermediates. It is seen that PMCP™ is shifted to the right
compared with the distributions of the two other intermediates. Compared with Figure
PMCP™ is equally attracted towards the intermediate as the framework. For the
other two intermediates it can be concluded that water molecules prefer interaction with

the framework.
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Figure 4.20: Distribution of the shortest distance between oxygen atom of H,O and Si/Al/P
atoms of the framework for the considered intermediate for a 50 ps MD simulation
at 623 K and 1 atm.

4.5 Mobility of the carbocationic intermediates

One of the questions that rises within the MD analysis of the paring mechanism is how
the hydrocarbons orientate in the zeotype framework. This information can be valuable
to see whether or not there is a preferential direction, which can give further insight
on the volume of the framework and the energy calculations in Section [£.2] and Section
[4:3] Two angles, further denoted as o and j3, are defined in Figure to analyze the
orientation of the intermediates. « is the angle between the plane spanned by the ring
carbon atoms of the hydrocarbons and the vector spanned by six of the T-atoms of the
framework. ( is the angle defined between the ring carbon atoms of the hydrocarbons
and the vector spanned by four of the T-atoms of the framework that are perpendicular
to the previous framework atoms. Due to symmetry reasons a en [ will be in the range
between 0°and 90°. As there are two simulated cages they will be considered as one 100
ps simulation. Figure visualizes the boundaries of the range («, 3).
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Figure 4.22: Snapshots at the boundaries of the accessible (a, () area represented here for
heptaMB™. a) (0°, 0°), b)(0°, 90°), (90°, 0°)

4.5.1 HeptaMB
Case 1

The analysis is started with intermediate heptaMB™. To recapitulate, from the frame-
work analysis it was concluded that there was an elongation in the c-direction even if no
water molecules were present (as in case 1). In Figure the position of the interme-
diate is shown for both cages. First of all, the position of the intermediate in both cages
is quiet alike. This orientation corresponds to a vertical orientation (in the ¢ direction)
of the intermediate within the H-SAPO-34 framework. Its orientation is therefore linked
to the framework flexibility. From the 50 ps movie of the simulation it was seen that the
molecule did move but according to Figure the area is relative small. As no water
loading is present the intermediate appears to have a preferential orientation along the
c-direction. In Figure a snapshot is shown of a highly favored orientation (hotspot)

in order to create a better understanding of the 2D-histograms.
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Figure 4.23: a) Probability density distribution of the position of heptaMB™, b) snapshot of the
most favorable position of heptaMB™ (o = 8°, 8 = 59°) in case 1 in H-SAPO-34
in a 100 ps MD simulations at 623 K and 1 atm.

Case 2

The result of case 2, when two water molecules are added to each cage, is shown in Fig-
ure This result looks similar to the previous result, when no water molecules were
present but is more constrained. The similarities between case 1 and case 2 were also
found in Section [4.2] were the framework flexibility was investigated. Figure shows
a snapshot of the preferred position. At this snapshot there was one water molecule
present in the cage as is also shown in Figure but its location was more closely to

the framework than the intermediate molecule.
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Figure 4.24: a) Probability density distribution of the position of heptaMB™, b) snapshot of the
most favorable position of heptaMB™ (o = 9°, 8 = 61°) in case 2 in H-SAPO-34
in a 100 ps MD simulations at 623 K and 1 atm.
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Case 3

The result of case 3, when four water molecules are added to each cage, is shown in Fig-
ure The 2D histogram shows two favorable orientations of the intermediate each
corresponding to one cage with a difference in 5. This can be due to the sensitiveness
of the MD simulation of the intermediate on its the initial position. Furthermore, the
position of the water molecules can withhold the intermediate of a certain position as is
shown in Figure As it was seen that there were more water molecules surrounding
the intermediate in one of the two cages (as shown in Figure where the position

in the g is equal to 45°is shown) and this tilts the intermediate.
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Figure 4.25: a) Probability density distribution of the position of heptaMB™, b) snapshot of the
most favorable position of heptaMB™ (a = 21°, f = 45°) in case 3 in H-SAPO-34
in a 100 ps MD simulations at 623 K and 1 atm.

The analysis of the variation of the unit cell parameters discussed in Paragraph
showed an increase in the b-direction and an increase in the a-direction. Furthermore,
when investigating the shortest distance between one of the carbon atoms of heptaMB™
and the Si-atom of the framework, as shown in Figure not a lot of differences is
seen except from case 3 where there is a small time frame in which the intermediate is
closely positioned to the framework. These distances are not of the order of a chemical

bond but can be considered as the result of elektrostatic and van der Waals interaction.
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Figure 4.26: Probability distribution of the distance between Si of the framework and carbon
atoms of heptaMB™ in H-SAPO-34 in a 50 ps MD simulations at 623 K and 1

atm for the three cases.

It can be concluded that adding water molecules to the framework results in competition
between water molecules and heptaMB™ for interaction with the acid site. This results
in a different orientation of the intermediate within the framework and thereby results in
a less anisotropic behavior of the framework with increased water loading. Furthermore,

with increasing water loading the intermediate is more constrained to its position.

4.5.2 5-3-CPT
Case 1

The elongation of the catalyst framework in the c-direction is less pronounced when
introducing 5-3-CP* in the H-SAPO-34 pores compared to heptaMB™ as was discussed
in Paragraph [£.2] This can also be seen in Figure were the angle o represents the
deviation form the c-direction and this is larger than in the previous cases (see Figure
for a snapshot with a equal to 27°and § equal to 43°). The results found for
framework flexibility thus corresponds to the results found for intermediate orientation.
In this case no water molecules are present to stabilize the stability of the intermediate
and as shown in Paragraph it was seen that PMCP™ is 86 kJ/mol higher in energy
than heptaMB™.
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Figure 4.27: a) Probability density distribution of the position of 5-3-CP™, b) snapshot of the
most favorable position of 5-3-CP™ (a = 27°, = 43°) in case 1 in H-SAPO-34
in a 100 ps MD simulations at 623 K and 1 atm.

Case 2

In case 2, the elongation of the framework flexibility of 5-3-CP™ was much more present
than in case 1 with the largest increase in the c-direction. When comparing and
a shift towards lower a angles is seen which can explain the elongation in the c-
direction. The narrow distribution for Figure is remarkable and can be explained
by the surrounding of the water molecules limiting the movement of the cation, as seen
in Again, an increase in energy was seen for case 2 compared to case 1 as seen in

Figure Apparently, the addition of water molecules destabilize the system.
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Figure 4.28: a) Probability density distribution of the position of 5-3-CP™, b) snapshot of the
most favorable position of 5-3-CPT (o = 20°, 3 = 69°) in case 2 in H-SAPO-34
in a 100 ps MD simulations at 623 K and 1 atm.
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Case 3

In case 3, the framework expansion was again far less anisotropic than case 1 and 2 as
shown in Figure The 2D-histogram of the position of the intermediate is shown in
Figure The two areas again corresponds to the position of the intermediate in
the two cages which differ in the § orientation. The intermediate is not stringent by
the water molecules and thus can move in a large area which can result in the more
isotropic behavior. Again, in Figure a snapshot is shown of the most favorable
position whereas the water molecules are located close to the framework. The shortest
distance distribution is given in Figure There is a small shift in case 1 to smaller
distances compared with case 2 and 3. It can be concluded that at high water loadings
there is concurrence between water molecules and the intermediate to position close to
the active site. The energy profile as shown in Figure showed a strong decrease in
energy when adding water molecules. Although, the water molecules does not get closer
to the intermediate, th water molecules did position itself closer to the framework as
shown in Figure This result in concurrence between the water molecules and the

intermediate to interact with the framework resulying in a lower energy level.
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Figure 4.29: a) Probability density distribution of the position of 5-3-CP™, b) snapshot of the
most favorable position of 5-3-CPT (a = 25°, 3 = 44°) in case 3 in H-SAPO-34
in a 100 ps MD simulations at 623 K and 1 atm.
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Figure 4.30: Probability distribution of the distance between Si of the framework and carbon
atoms of heptaMB™ in H-SAPO-34 in a 50 ps MD simulations at 623 K and 1

atm for the three cases.

4.5.3 PMCP™T
Case 1

The last intermediate, PMCP™, is widely distributed within the framework for case 1
and 3, as shown in Figure [£.3Ta] and [£:33a] This is also reflected in Figure [4.34] where
the position of the intermediate is more widely distributed compared with the Si atom

of the framework.
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Figure 4.31: a) Probability density distribution of the position of PMCP™, b) snapshot of the
position of PMCP" (a = 5°, # = 35°) in case 1 in H-SAPO-34 in a 100 ps MD

simulations at 623 K and 1 atm.

Case 2

In the second case, no exchange between hydrogens took place, resulting in a smaller

distribution of the shortest distance between the intermediate and the framework (see
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Figure [4.34). The elongation of the unit cell parameter a is graphically seen in Figure
and again the position of the intermediate is linked to the framework flexibility.
In Figure again [ variates widely as was also noticed in the previous case.
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Figure 4.32: a) Probability density distribution of the position of PMCP™, b) snapshot of the
position of PMCP™ (o = 25°, 8 = 8°) in case 2 in H-SAPO-34 in a 100 ps MD

simulations at 623 K and 1 atm.

Case 3

At last, in Figure the 2D histogram is shown for a high water loading. The interme-
diate position shows some similarities with case 1 (see . Visually it was seen that
there is an interaction between the water molecules and the framework. This results
in the repositioning of the intermediate further away from the Si-atom resulting in a

broader distribution of the shortest distance (Figure [4.34]).
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Figure 4.33: a) Probability density distribution of the position of PMCP™, b) snapshot of the
position of PMCP™ (a = 13°, 8 = 58°) in case 3 in H-SAPO-34 in a 100 ps MD

simulations at 623 K and 1 atm.
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Figure 4.34: Probability distribution of the distance between Si of the framework and carbon
atoms of heptaMB™ in H-SAPO-34 in a 50 ps MD simulations at 623 K and 1

atm for the three cases.

To conclude this chapter, addition of a high loading of water increases the driving force
for the considered reactions of the paring mechanism. However, at short distances, wa-
ter destabilizes the intermediate molecule. Taking into account the increased amount of
clustering upon increasing water loadings, it can be assumed that due to the clustering
there is less competition between the water molecules and the carbon atoms to interact

with the framework stabilizing the system.



Chapter 5

Evaluation of the paring
mechanism by metadynamics

simulations

As mentioned earlier, the HP mechanism is the starting point of this master thesis as
it is the generally accepted mechanism to describe the MTO process nowadays. In the
archetypal H-SAPO-34 catalyst, polymethylbenzenes are identified as the major HP
species. Therefore, with the focus on the paring mechanism, the hexaMB is considered
as HP species.®24%9U Tny earlier research already a complete energetic description of the

63 and in

paring route was given by static calculations based on hexaMB as HP species
the previous chapter it was found that in some cases there was a low driving force for
the paring route to proceed. Therefore, in this master thesis some well defined reaction
steps based on hexaMB as HP species are recalculated using metadynamics calculations

to evaluate the kinetic driving force of the paring cycle at realistic operating conditions.

In the previous chapter AIMD simulations were performed in the NPT ensemble. How-
ever with these large systems (around 176 atoms dependent on the considered interme-
diate and solvent molecule) and the required level of theory, only a short simulation
time (50 ps) is possible. These simulation times are too short for reactions to occur as
chemical reactions are rare events. Therefore, metadynamics is an important technique
to model chemical reactions. Based on the added Gaussian potentials, the free energy
surface (FES) can be reconstructed. For more details on the computational method, I
refer to The two reactions that are considered are given in Figure

The equilibrated systems obtained from the AIMD simulations are taken as starting

point for the metadynamics simulations. Hereby, the time-averaged volume and unit

cell dimensions is taken and will be kept constant in the MTD simulations.
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5.1 Contraction reaction of heptaMB™ to
5-iC3—CP*/ 5-3-CP™

To recapitulate, the first reaction that will be considered in the metadynamics simula-
tions is the contraction reaction of heptaMB™ to 5-iC3—CP™. The latter species was
found to be in equilibrium with the bicyclic molecule 5-3-CP* in the AIMD simulations.
It will be investigated if this phenomena also occurs during metadynamics simulations.
Two CVs are defined to describe the contraction reaction and are indicated in Figure[5.1
The first CV is a coordination number between C2 and C6 in order to simulate the for-
mation of this bond. The second CV is defined as the coordination number between C1
on the one hand and C2 and C6 on the other hand. This coordination number ensures
the breaking of the bond C1-C2 or C1-C6. Previous simulations have shown that the
formed isopropyl group is very mobile.%? Therefore, to avoid a ring walk of the isopropyl
group, a wall is added between C1 and C3, C4 and C5.

Figure 5.1: Atomic labeling of heptaMB™ together with a visualization of the two defined CV

for the contraction reaction of heptaMB™.

The 2D free energy surface of the contraction reaction is given in Figure 5.2l The two
regions corresponding with 5-iC;—CP™ and 5-3-CP™ are both visualized. heptaMB™ is

more stable than the five-ring molecules.
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Figure 5.2: 2D FES obtained from the metadynamics simulation of the ring contraction of
heptaMB™ at 623 K and 1 atm in case 0.

The different states of the molecule are visualized in Figure Whereas the transition

in the collective variables is shown in Figure [5.4]

A T$1 B

Figure 5.3: Visualization of the different states for the ring contraction of heptaMB™.
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Figure 5.4: Visualization of the transition in collective variables.

5.2 Propylene formation of 5-3-CP*

In the second investigated reaction the carbon-carbon bound of the ring and isopropyl
group is broken and a hydride shift takes place resulting in the formation of propylene
and PMCP™. For the second reaction again two CVs are defined which are indicated
in Figure 5.5 The first CV is defined as the coordination number between C6 on the
one hand and C1 and C5 in order to stimulate the breaking of the carbon-carbon bond.
The second CV is taken as the difference between two CVs, namely the coordination
number between H9 and C8 and the coordination number between H9 and C6. This

coordination number simulates the hydride shift.

Figure 5.5: Visualization of the two defined CV for the formation of propylene.

In the second investigated reaction, C1 must split from both C6 and C2. When adding
energy it will soon result in the breakage of one of the carbon-carbon bonds but a rather

large energy barrier is needed to result in the full breakage of propylene. The incomplete
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obtained 2D free energy profile is shown in Figure [5.6] with its lowest energy around -
90 kJ/mol. However the result is incomplete, it can be stated that the results are in

accordance with the results obtained in 3]
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S10
0.5
0.8.0 0.5 1.0 1.5 2.0

CV1

Figure 5.6: 2D FES obtained from the metadynamics simulation of the propylene formation of
5-3-CP* at 623 K and 1 atm in case 0.



Chapter 6

Conclusion

The Methanol-to-Olefins process is a complex process. Even today, the mechanism is not
fully unraveled and it is still under investigation, but the hydrocarbon pool mechanism
is nowadays generally accepted.?? In the light of H-SAPO-34, polymethylbenzenes are
identified as the major HP species wherefore the side-chain and the paring mechanism
has been proposed. The paring mechanism, which is characterized by subsequent ring
contraction and expansion reactions of the aromatic HP molecules, was proposed to ex-

plain the scrambling that was experimentally seen.%"

This work is an investigation of the paring mechanism to test its viability and to see
what the effect of water is on this mechanism. The experimental studies on the paring
mechanism are limited and the stability of PMCP™ within the reaction mechanism is
unclear.”Y Therefore, in this work, the paring mechanism is studied and moreover, the
effect of water on the paring mechanism. Insight of the effect of water on the molecular
level is studied because it is aimed to obtain a better control of the ethylene/propylene

ratio.

AIMD simulation were performed for the three considered intermediates: heptaMB™,
5-3-CP™ and PMCP™. Two types of water loading are considered: low water loading
(with 2 water molecules to each cage of the unit cell) and high water loading (with 4
water molecules to each cage of the unit cell). These are compared with the results were
no water molecules were added. Analysis of the framework flexibility, the energy profile
and mobility of the water molecules and carbocationic intermediate were discussed and
linked to each other. Finally, metadynamics simulations were performed to calculate the

free energy barriers between the different intermediates.

It was found that during an AIMD simulation of heptaMB™, the unit cell is elongated
in the direction of the elongation of the carbocationic intermediate for all studied cases.

Furthermore, it was seen that the position of heptaMB™ is not much restricted by the
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solvent molecules at low water content due to the diffusion of the solvent to the empty
cage where no intermediate was located. However with an increased water loading it
was found that more solvent molecules are positioned close to heptaMB™. It is con-
cluded that adding water molecules to the framework results in competition between
water molecules and HeptaMB™ with the active site of framework. This results in a dif-
ferent orientation of the intermediate within the framework and thereby results in a less
anisotropic deformation of the framework. It is stated that the position of the solvent
molecules influences the position of the intermediate which again effects the framework
flexibility.

During an AIMD simulation of 5-3-CP™ in the H-SAPO-34 unit cell there was a less out-
spoken preferred direction of the carbocationic intermediate to locate itself. Investigation
of the shortest distances of the intermediate to the framework resulted in the conclu-
sion that no differences are noticed between heptaMB™ and 5-3-CP™. Furthermore, the
shortest distance of the water molecules towards the framework and the intermediate
does not differ much. However, it was seen that more water molecules are constrained to
the intermediate 5-3-CP* than this was the case for heptaMB™. This explains the dif-
ferent behavior of the framework flexibility and location of the intermediate within this
framework. Thus it is concluded that for 5-3-CP™, the effect of water increases which is
reflected in the position of the 5-3-CP" and hence effect the framework flexibility.

From these two intermediates an energy profile was made for all four cases where the
energy level of 5-3-CP' was expressed relative to heptaMB™. Although, this energy
profile does not include transition state energies it is a measure for the driving force of
the reaction step. The energy difference between heptaMB™ and 5-3-CP™ increases at
first (when two water molecules are added in each cage) but this difference diminishes
when four water molecules are added in each cage. The effect of water on the energy
profile is thus quiet outspoken but at high water loadings the effect completely cancels
out again. It should be noted that a simulation of 50 ps is rather short to do accurate
energy calculations because of the rather large energy deviations over time. When no
water molecules were present, it is concluded that the paring cycle has a low overall driv-
ing force. PMCP™ lies already 133 kJ/mol higher in energy compared to HeptaMB™
which suggests a low driving force for this route. The anti-aromatic nature of PMCP™

is presumed to be the cause of this.

The last evaluated intermediate is PMCP™. Interaction between the water molecules
and the intermediate as well as with the framework is more strongly present than for
the other two considered intermediates. Furthermore, the amount of clustering is higher
compared with the clustering for the other two considered intermediates. This finally,

lead to the global conclusion that the presence of water stabilizes the intermediate. Com-
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petition between the water molecules and the intermediate to locate itself towards the

Si-atom result in a decrease of the energy level as was seen in the results of 5-3-CP™.

At last, some metadynamics simulations were performed. The first step, in which the
ring contraction proceeds requires a high energy barrier which is not at all realistic to
proceed. Furthermore, the propylene formation reaction was investigated. The incom-

plete obtained 2D free energy profile shows its lowest energy around -90 kJ/mol.

To conclude, there are some indications to doubt the paring mechanism as nowadays
proposed. But the effect of water at high water loadings is positive for the driving force
of the reaction to proceed. Taking into account the increased amount of clustering upon
increasing water loadings, it can be assumed that due to the clustering there is less
competition between the water molecules and the carbon atoms to interact with the
framework stabilizing the system. Thus, it is suggested that the overall effect of water
on the paring cycle is that it can help the formation of propylene at high water loading,
in order to overcome the large energy barriers of this route. Further analysis of the free
energy profile is needed to calculate the full paring mechanism. Further analysis on the
free energy profile should be made in order to obtain a more accurate free energy profile.
Furthermore, the expansion of the 5-ring back to the 6-ring should be investigated. An
alternative mechanism in which first expansion proceeds before contraction take place

seems promising and could be interesting for future work.



Appendix A

Unit cell parameter variation
after 30, 35, 40, 45 and 50 ps

In this appendix the unit cell parameters are shown for each simulation after 30, 35, 40,
45 and 50 ps of the 50 ps MD simulation. This to give an idea of the accuracy of the
performed simulations.

The variation in a unit cell parameter x (x = a, b, ¢ or volume) is defined as given in
Equation
i.#ps _ i.50p8

empty
— (A.1)
J;empty
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A.1: Average variation of unit cell parameters relative to an empty H-SAPO-34 unit
cell at 623 K and 1 atm at 30, 35, 40, 45 and 50 ps of a 50 ps MD simulation of
heptaMBT™ for a) case 0, b) case 1, c) case 2 and d) case 3.
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Figure A.2: Average variation of unit cell parameters relative to an empty H-SAPO-34 unit
cell at 623 K and 1 atm at 30, 35, 40, 45 and 50 ps of a 50 ps MD simulation of
5-3-CP™ for a) case 0, b) case 1, c) case 2 and d) case 3.
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Figure A.3: Average variation of unit cell parameters relative to an empty H-SAPO-34 unit
cell at 623 K and 1 atm at 30, 35, 40, 45 and 50 ps of a 50 ps MD simulation of
PMCP™ for a) case 0, b) case 1, c) case 2 and d) case 3.



Appendix B

Variation of the unit cell volume
after 30, 35, 40, 45 and 50 ps

In this appendix the volume is shown for each simulation after 30, 35, 40, 45 and 50
ps of the 50 ps MD simulation. This to give an idea of the accuracy of the performed

simulations.
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Figure B.1: Average variation of the volume relative to an empty H-SAPO-34 unit cell at 623
K and 1 atm at 30, 35, 40, 45 and 50 ps of a 50 ps MD simulation of heptaMB™

for a) case 0, b) case 1, ¢) case 2 and d) case 3.
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Figure B.2: Average variation of the volume relative to an empty H-SAPO-34 unit cell at 623
K and 1 atm at 30, 35, 40, 45 and 50 ps of a 50 ps MD simulation of 5-3-CP* for
a) case 0, b) case 1, ¢) case 2 and d) case 3.
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Figure B.3: Average variation of the volume relative to an empty H-SAPO-34 unit cell at 623
K and 1 atm at 30, 35, 40, 45 and 50 ps of a 50 ps MD simulation of PMCP™* for
a) case 0, b) case 1, ¢) case 2 and d) case 3.



Appendix C

Energy deviation after 30, 35, 40,
45 and 50 ps

In this appendix the energy deviation is shown for after 30, 35, 40, and 45 ps of the 50
ps MD simulation. This to give an idea of the accuracy of the performed simulations.
The deviation is defined as the energy difference between the energy calculated at 30,

35, 40 and 45 ps and the energy calculated at 50 ps.
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Appendix D

Mobility of the solvent molecule

D.1 HeptaMB™

D.1.1 Casel

Table D.1: MD visualization of the different positions that an oxygen atom of water molecules
has in a 50 ps MD simulation in H-SAPO-34 in case 1 with heptaMB™ at 623 K
and 1 atm.
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D.1.2 Case 2

Table D.2: MD visualization of the different positions that an oxygen atom of water molecules
has in a 50 ps MD simulation in H-SAPO-34 in case 2 with heptaMB™ at 623 K
and 1 atm.
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D.2 5-3-CP*

D.2.1 Casel

Table D.3: MD visualization of the different positions that an oxygen atom of water molecules
has in a 50 ps MD simulation in H-SAPO-34 in case 1 with 5-3-CP™ at 623 K and
1 atm.
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D.2.2 Case 2

Table D.4: MD visualization of the different positions that an oxygen atom of water molecules
has in a 50 ps MD simulation in H-SAPO-34 in case 2 with 5-3-CP* at 623 K and
1 atm.
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D.3 PMCP*

D.3.1 Casel

MD visualization of the different positions that an oxygen atom of water molecules

5

Table D

simulation in H-SAPO-34 in case 1 with PMCP* at 623 K and

has in a 50 ps MD

1 atm.
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D.3.2 Case 2

Table D.6: MD visualization of the different positions that an oxygen atom of water molecules

has in a 50 ps MD simulation in H-SAPO-34 in case 2 with PMCP* at 623 K and

1 atm.



Appendix E

Notes on the AIMD simulation of
PMCPT in case 0

During AIMD simulation of PMCP™ and propylene, the bicyclic molecule as shown in
Figure was formed. During these simulations propylene and PMCP™ were placed in
the same case of a H-SAPO-34 unit cell. Although it was tried to place propylene in a
unfavorable position for reaction, the bicyclic molecule was formed. The result is shown

because it confirms the hypothesis of the unstable PMCP™ molecule.

Figure E.1: Bicyclic molecule found during AIMD simulation of PMCP™ and propylene.
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Appendix F

Summary of the extra

computational details of the

metadynamics simulations

F.1 Contraction reaction of heptaMB™ to 5-iC;3—CP*/ 5-3-CP™

Table F.1: Collective variables and the quadratic walls applied to them in the MTD simulations

of the contraction reaction of heptaMB™, discussed in Section

CV | rg [A] | Position | K® [kJ/mol] | Direction | hills
CV1 2.0 - - attractive | yes
CVv2 2.0 - - attractive | yes
CV 2.0 0.55 262550 attractive | no

Table F.2: Unit cell dimensions used during the metadynamics simulations of the contraction
reaction of heptaMB™, discussed in Section

a [A]

a [A]

a [A]

a [°]

a [°]

a [°]

14.0556

14.0268

15.1532

90

90

120
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F.2 Propylene formation of 5-3-CP™

Table F.3: Collective variables and the quadratic walls applied to them in the MTD simulations
of propylene formation of 5-3-CP™", discussed in Section

CV | g [A] | Position | K® [kJ/mol] | Direction | hills
CV1 2.0 0.05 262550 repulsive | yes
CV2a 1.2 - - attractive | yes
CV2b 1.2 - - attractive | yes

Table F.4: Unit cell dimensions used during the metadynamics simulations of the contraction
reaction of propylene formation of 5-3-CP*, discussed in Section

afA] | af[A] | a[A] |a[]|a[]]al]
13.9080 | 13.8796 | 14.9941 | 90 | 90 | 120




Appendix G

Poster NCCC

This appendix contains the poster which was presented on March 7 2015 at the 17th
Netherlands’ Catalysis and Chemistry Conference (NCCC), Noordwijkerhout (NL), as
KNCYV selected student.
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Impact of a mixed water methanol feed on olefin formation during the MTO process
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The Methanol-to-Olefins (MTO) process

Depletion of oil reserves initiated the quest for alternative
processes to produce hydrocarbons.
Within this respect the MTO process is developed in which a
methanol source originating from a carbon feedstock can be
converted into hydrocarbons using zeolite catalysts.’
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